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Synthesis o f  Responsive Side Group Polymers 
Summary: The Synthesis o f  Responsive Side Group Polymers
Adhesives have commonplace use in the industrial and domestic environments, but 
loss of adhesion occurring from long-term use is still one problem that has not been 
solved by the adhesives industry. One mode of failure of adhesion is thought to be the 
presence of ‘kissing bonds’, also known as ‘zero-volume unbonds’, ZVUs. At present 
kissing bonds are not much more than a theoretical concept applied to the mechanism 
of adhesive failure, with little experimental evidence to support their existence or the 
mechanism of formation.
The aim of this PhD thesis is to evaluate novel methods of developing a self- 
validating, responsive side group polymer, which can automatically repair interfacial 
failure. This can be used in the future as a tool to help evaluate the concept and 
mechanisms of kissing bonds. Primarily, it is hoped that the model systems will be 
used as a solution to the problem of kissing bonds in the form of a self repairing 
adhesive. The focus of this research has concentrated on the synthesis and 
characterisation of a novel responsive polymer, which incorporates a secondary 
component that can be released upon the ingress of water, and will diffuse to the area 
of failure. Once there, the secondary component should be able to repair or eliminate 
the kissing bond, through chemical reaction. The ingress of water is to be used as the 
catalyst for the release of the secondary component, as this process of ingression over 
a period of time has been hypothesised by Allsop et a l1 to contribute to the 
occurrence of kissing bonds at the adhesive-adherend interface.
This thesis will discuss the synthesis, characterisation and evaluation of novel ionic 
methacrylate copolymers, poly[methyl methacrylate-co-A^A-2-(dimethylamino)ethyl 
methacrylate], incorporating an ionically bonded polymerisable secondary component 
based upon three acidic monomers, methacrylic acid, MA, vinylphosphonic acid, 
VPA and 2-methaciyloyloxyethyl phosphate, MOEP. It will document the 
incorporation of the quaternary salt into a secondary matrix based upon a diglycidyl 
ether of 6«phenol-A followed by characterisation and testing of the model adhesive 
system.
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i. Abbreviations o f Commonly used Terminolosv
MA
zvu Zero-volume unbonds 
Methacrylic acid
P [MMA-DMAEMA]
VPA
MOEP
Vinylphosphonic acid
2-Methacryoyloxyethylphosphate/Hydroxyethyl 
methacrylate phosphate 
Poly[methyl methacrylate-co-A^iV-2-
(dimethylamino)ethyl methacrylate]
P [MMA-DMAEMA] +[MOEP]' Poly [methyl methacrylate-co-Af, iV-2-
(dimethylammonium)ethyl methaciylate]+[methacryloyloxyethyl phosphate]*
P [MMA-DMAEMA] +[MA]" Poly[methyl methacrylate-c0-Af7V-2-
(dimethylammonium)ethyl methacrylate]+[methacrylate]'
P [MMA-DMAEMA]+[VP A]' Poly[methyl methacrylate-eo-jV,A-2-
(dimethylammonium)ethyl methacrylate]+[vinylphosphonate]*
DGEBA (or BADGE) Diglycidyl ether of &wphenol-A
DMAEMA 7Vr,7V-2-dimethylaminoethyl methacrylate
P [TMAEMC-C0 -MMA]+ Poly[trimethylammoniumethylmethacrylate-co-
mm
NDE
AffiN
rr
P [DMAEMA-AAm]
LCST
P [DMAEMA]
HEMA
DMA
EMA
IPN
GMA
methyl methacrylate]*
2,3-epoxypropyl methacrylate (glycidyl 
methacrylate)
2-hydroxyethyl methacrylate
Dodecyl methacrylate
Ethyl methacrylate
Interpenetrating network
Poly[Af,7V-2-(dimethylamino)ethyl methacrylate-
co-acrylamide]
Lower critical solution temperature 
Poly(Ar,A-2-(dimethylamino)ethyl methacrylate] 
Non-destructive evaluation 
2,2-azo&/s(2-methylpropionitrile)
Racemic diad;
Meso diad
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PMMA Poly[methyl methacrylate]
NMR Nucleur Magnetic Resonance
ppm Parts per million
PET Polyethylene tetrepthalate
DNA Deoxyribonucleic acid
PAA Poly[acrylic acid]
PMOEP Poly[methacryloyloxyethyl phosphate]
PMPMA Poly[i\T-methyl-4-piperidinyl methacrylate]
PMA Polymethacrylic acid
PVPA Polyvinylphosphonic acid
PSSA Polystyrenesulfonic acid
DSC Differential Scanning Calorimetry
FTIR Fourier Transform Infrared
XPS X-ray Photoelectron Spectroscopy
BA Butyl acrylate
MAPTAC [3-(methacryloylamino)propyl]
trimethylammonium chloride]
TGA-FTIR Thermogravimetric Analysis-Fourier Transform
Infrared
Kp Protonation Constant
Red Reduction
Ox Oxidation
A,B>C,D Activity coefficients
AG Change in Gibbs free energy
AG° Change in Standard Gibbs free energy
R Gas Constant
T Temperature
F Faraday Constant
E Electropotential, mV
E° Standard Electropotential
n Number of moles
AGei Change in electrostatic free energies of
ionisation
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IRA Infrared Reflection Absorption Spectroscopy
Tg Glass transition temperature
J  Flux of a solvent diffusing through a material
dc/dx Concentration gradient
dx Change in plaque thickness
dc Change in concentration
D Diffusion coefficient
dt Change in time
Mt Weight of plaque at time t
Me Weight of plaque at equilibrium
t Time
k Diffusion Constant
TETA Triethylenetetramine
BPA 5/sphenol-A
y-GPS y-glycidoxypropyltrimethoxysilane
APES 3-aminopropyltriethoxysilane
APMS 3-aminopropyltrimethoxysilane
AAMS AL(2-aminoethyl)-aminopropyltrimethoxysilane
GPC Gel Permeation Chromatography
CHN Elemental analysis
TG Analysis Themogravimetric analysis
MDSC Modulated Differential Scanning Calorimetry
JE5050 Polyfmethyl methacrylate-co-A^A-2-
(dimethylamino)ethyl methacrylate] (50:50)
JE6040 Polyfmethyl methacrylate-co-W,A-2-
(dimethylamino)ethyl methacrylate] (60:40)
JE7030 Polyfmethyl methacrylate-co-A(Ar-2-
(dimethylamino)ethyl methacrylate] (70:30)
JE8020 Polyfmethyl methaciylate-co-A(7V-2-
(dimethylamino)ethyl methacrylate] (80:20)
JEMOEP5050 Polyfmethyl methacrylate-<%>-A(7V-2-
(dimethylammonium)ethyl methacrylate]+[methacryloyloxyethyl phosphate]' (50:50) 
JEMOEP6040 Polyfmethyl methacrylate-co-A/',7vr-2-
(dimethylammonium)ethyl methacrylate]+[methacryloyloxyethyl phosphate]' (60:40)
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JEMOEP7030 Polyfmethyl methaciylate-co-A(jV-2-
(dimethylammonium)ethyl methacrylate]+[methacryloyloxyethyl phosphate]' (70:30) 
JEMOEP8020 Polyfmethyl methaciylate-co-A(iV-2-
(dimethylammonium)ethyl methacrylate]+[methacryloyloxyethyl phosphate]' (80:20) 
JEMA5050 Polyfmethyl methacrylate-co-A(7V-2-
(dimethylammonium)ethyl methacrylate]+[methacrylate]' (50:50)
JEMA6040 Polyfmethyl methacrylate-co-A, N-2-
(dimethylammonium)ethyl methacrylate]+[methacrylate]' (60:40)
JEMA7030 Polyfmethyl methacrylate-co-A(iV-2-
(dimethylammonium)ethyl methacrylate]+[methacrylate]' (70:30)
JEMA8020 Polyfmethyl methacrylate-co-A( N-2-
(dimethylammonium)ethyl methacrylate]+[methacrylate]' (80:20)
JEVPA5050 Polyfmethyl methacrylate-co-TVjA-2-
(dimethylammonium)ethyl methacrylate]+[vinylphosphonate]' (50:50)
JEVPA6040 Polyfmethyl methacrylate-co-A( N-2-
(dimethylammonium)ethyl methacrylate]+[vinylphosphonate]" (60:40)
JEVPA7030 Polyfmethyl methaciylate-co-A( N-2-
(dimethylammonium)ethyl methacrylate]+[vinylphosphonate]' (70:30)
JEVPA8020 Polyfmethyl methacrylate-co-7V,A-2-
(dimethylammonium)ethyl methacrylate]+[vinylphosphonate]' (80:20)
TMS Tetramethylsilane
THF Tertrahydrofuran
M„ Number average molecular weight of polymer
chain
Mw Weight average molecular weight of polymer
chain
M„/Mw Polydispersity; Distribution of molecular
weights
tac Tacticity
s Syndiotactic
a Atactic
i Isotactic
w Weak IR stretch
m Medium IR stretch
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s Strong IR stretch
vs Very strong IR stretch
PVP Polyvinylpyridine
AN Acetonitrile
DX 1,4-Dioxane
v
Synthesis of Responsive Side Group Polymers
Contents
SUMMARY: THE SYNTHESIS OF RESPONSIVE SIDE GROUP POLYMERS 
............................................................................................................................................. I
I. ABBREVIATIONS OF COMMONLY USED TERMINOLOGY....................... I
CONTENTS...................................................................................................................... 1
1. INTRODUCTION....................................................................................................... 5
1.1 Smart Polymers....................................................................  8
1.2 Kissing Bonds1,16.....................................................................................................12
1.3 Free Radical Addition Polymerisation Reaction of Methacrylate 
Monomers....................................................................................................................... 13
1.4. Tacticity..................................................................................................................16
1.5. NMR Spectroscopic Analysis of Macromolecules.................................... 17
1.6 Solvation Effects on the Polymerisation of Methacrylate Based 
Monomers....................................................................................................................... 18
1.7 Electrostatic Interactions of Polymers...................................................... 19
1.7.1 Cyclisation of the Tertiary Amino Side Chain.............................................. 20
1.8 Degradation of Methacrylate Based Polymers......................................... 21
1.8.1 Hofmann Degradation5...................................................................................... 23
1.9 Acid-Base Properties and Titration Experiments.......................................24
1.10 The Chemistry of Electropotenttal Titrations ,............................ 27
1.10.1 The Protonation Constant, Kp........................................................................ 27
1.10.2 Potentiometric Titrations Based On The Nemst Equation49,50,51,52...........  28
1.10.3 The Nemst Equation........................................................................................30
1.11. Zygology: The Process of Adhesion.............................................................33
1.11.1 The Mechanical Theory.................................................................................. 33
1.11.2 The Electrostatic Theoiy................................................................................. 34
1.11.3 The Adsorption Theory...........................................   35
1.11.4 Autohesion: The Diffusion Theory................................................................36
1.12 Failure of Adhesives...........................................................................................37
1.13 Environmental Degradation and Testing...................................................39
1.13.1 Fick’s Laws o f Diffusion”...............................................................................40
1.14 The Chemistry of Epoxy Resins....................................................................... 43
1.14.1 Epoxy Curing Reaction................................................................................... 45
1.14.2 Theoretical Reactions between the Epoxy Resin and the Salts................. 46
1.14.3 Tertiary Amines............................................................................................... 46
1.14.4 Alcohols............................................................................................................ 48
1.14.5 Acids................................................................................................................. 48
1.14.6 Phosphoric Acid............................................................................................... 49
1.15 The Application of Primers............................................................................... 50
1
Synthesis of Responsive Side Group Polymers
CHAPTER 2. SYNTHESIS AND CHARACTERISATION OF RESPONSIVE 
SIDE GROUP POLYMERS.........................................................................................54
2.1. In t r o d u c t io n ...................................................................................................... 54
2.2 Free Radical Addition Polymerisation of Methyl Methacrylate and 
VV-2-(dimethylamino)ethyl methacrylate in Varying Monomer Ratios. 55
2.2.1 Salt Formation between P[MMA-DMAEMA] and Methacryloyloxyethyl 
Phosphate, MOEP.................................................................................................... 57
2.2.2 Salt Formation between P[MMA-DMAEMA] (50:50) and Methacrylic 
Acid, M A ..................................................................................................................59
2.2.3 Salt Formation between Vinylphosphonic Acid, VPA and P[MMA- 
DMAEMA] (50:50)...............................................................  61
2.3 Ch a r a cter isatio n  of  Co po lym er s  a n d  Sa lts  b y  FTIR a n d  ]H NMR 
Spectroscopies, a n d  GPC.........................................................................................63
2.3.1 !H Nuclear Magnetic Resonance Spectroscopy...........................................63
2.3.2. FTIR Spectroscopy..................................................................................... 63
2.3.3 Elemental Analysis........................................................................................ 63
2.3.4: Gel Permeation Chromatography.................................................................63
2.4 Th e r m a l  A n a l y sis  o f  th e  Co po l y m er s , P[MMA-DMAEMA] a n d  Ionic  
Sa l t s ............................................................................................................................64
2.4.1 Modulated Differential Scanning Calorimetry.............................................64
2.4.2 Themogravimetric Analysis........................................................................... 64
2.5 Resu l t s  a n d  D is c u s s io n  .......................................................................65
2.5.1 Synthesis of the Copolymers P[MMA-DMAEMA].................................... 65
2.5.2 Salt formation between P[MMA-DMAEMA] in varying ratios and the 
MOEP, MA and VPA monomers...........................................................................70
2.6 Characterisation of the Copolymers and Salts......................................... 73
2.6.1 XH NMR Analysis of Copolvmers.................................................................73
2.6.2 !H NMR A n a l y sis  of  th e  Sa lt  P[MMA-DMAEMA]+[MA]'......................77
2.6.2 lH NMR ANALYSIS OF THE SALT P[MMA-DMAEMA]+[MA]"......................78
2.6.3 lU NMR Analysis of the Salt P[MMA-DMAEMA]+[VPA]' (50:50)........ 80
2.6.4 lR  NMR analysis of the salt P[MMA-DMAEMA]+[MOEP]'.....................82
2.6.5 Comparison of FTIR Analysies of the Monomers, Copolymers and Salts 86
2.6.6 Elemental Analysis (CHN) of the Copolymers and Quaternary Salts........ 93
2.7 Therm al  A n a l y sis  of  th e  Copolym ers a n d  Sa l t s .......................................96
2.7.1 Modulated Differential Scanning Calorimetry.............................................96
2.7.3 Thermogravimetric Analysis..................................................................... 100
2.8 Co n c l u sio n s ....................................................................................................... 108
2
Synthesis of Responsive Side Group Polymers
CHAPTER 3. POTENTIOMETRIC TITRATIONS -  DETERMINATION OF 
ACID PROTONATION OF THE COPOLYMERS, P [MMA-DMAEMA] 110
3.1 Introduction....................................................................................................... 110
3.2. Solubility Measurements.............................................................................. 112
3.3 Preparation of the Potentiometric Cell..................................................... 112
3.3.1 Calibration o f the Glass Electrode................................................................113
3.3.2 Potentiometric Titration o f the Copolymer with Perchloric Acid in 1,4- 
Dioxane at Room Temperature using an Automatic Burette................................114
3.3.3 Potentiometric Titration o f P[MMA-DMAEMA] (50:50) against Perchloric 
Acid in 1,4-Dioxane at Room Temperature Recorded using a Chart Recorder 115
3.3.4 Potentiometric Titration o f P[MMA-DMAEMA] (50:50) against Perchloric 
Acid in 1,4-Dioxane at Room Temperature...........................................................115
3.4 Preparation of the Potentiometric Cell..................................................... 116
3.4.1 Calibration o f the Glass Electrode using Methacrylic acid at Room 
Temperature................................................................................................................117
3.4.2 Potentiometric Titration o f the Copolymer P[MMA-DMAEMA](50:50) 
against Methacrylic Acid at Room Temperature................................................... 118
3.5 POTENTIOMETRIC TITRATION OF P[MMA-DMAEMA] AGAINST 
VlNYLPHOSPHONIC ACID AT ROOM TEMPERATURE.................................................... 118
3.5.1 Calibration o f the Glass Electrode using Vinylphosphonic acid at Room 
Temperature................................................................................................................119
3.6 Comparison of Potentiometric Data using Vinylphosphonic acid and 
Perchloric acid.......................................................................................................... 119
3.7 Results and Discussion......................................................................................121
3.7.1 Solubility Measurements................................................................................ 121
3.7.2 Calibration o f the Potentiometric Cell...........................................................121
3.7.3 Potentiometric Titration o f the Copolymer P[MMA-DMAEMA] (50:50) 
..................................................................................................................................... 124
3.7.4 Potentiometric Titration o f PjMMA-DMAEMA] (80:20) against Perchloric 
Acid in 1,4-Dioxane at Room Temperature...........................................................127
3.7.5 Modification o f the Reference Electrode and Experimental Conditions.. 130
3.7.6 Calibration o f the Potentiometric Cell using Methacrylic Acid at 298.15 ±
0.5 K ............................................................................................................................130
3.7.7 Calibration and Potentiometric Titrations using Vinylphosphonic Acid at 
298.15 ± 0.5 K ........................................................................................................... 131
3.8 Electrostatic Interactions of acids in Dipolar Aprottc Solvents 136
3.9 Conclusions........................................................................................................... 141
3
Synthesis of Responsive Side Group Polymers
CHAPTER 4: FORMATION AND EVALUATION OF MODEL EPOXY 
ADHESIVE SYSTEMS INCORPORATING THE MODEL QUATERNARY 
SALTS............................................................................................................................ 143
4.1 Introduction..................................................................................................... 143
4.2. Experimental.................................................................................................. 145
4.2.1 Preparation of Plaques using an Epoxy Matrix: Epikote 828 and Jeffamine 
D-230...................................................................................................................... 145
4.2.2 Solubility Test- P[MMA-DMAEMA]+[VPA]‘ and P[MMA- 
DMAEMA]+[MA]'................................................................................................ 145
4.2.3 Incorporation of P[MMA-DMAEMA]+[MA]' into the Epoxy Matrix 146
4.2.4 Formulation of the Epoxy Matrix................................................................146
4.2.5 Incorporation of P[MMA-DMAEMA]+[VPA]' into the Epoxy Matrix... 147
4.2.6 Plaque Preparation using Varying Quaternary Salt Concentrations 147
4.3 Water Uptake Experiment............................................................................. 149
4.4 Dynamic Modulated Thermal Analysis.................................................... 151
4.5. Lap-Shear Joint Formation and Testing of the Joint.............................151
4.5.1 Preparation of the Aluminium Substrate.................................................... 151
4.5.2 Preparation of the Organosilane Solution................................................... 151
4.5.3. Incorporation of P|MMA-DMAEMA]+[MA]‘ Quaternary Salts in to an 
Epoxy Adhesive Matrix.........................................................................................152
4.5.4. Incorporation of P[MMA-DMAEMA]+[VPA]‘ Quaternary Salts into an
Epoxy Adhesive Matrix.........................................................................................152
4.5.5 Incorporation of PjMMA-DMAEMA]+[MA]' Quaternary Salts in Varing
Concentrations into an Epoxy Matrix................................................................... 152
4.5.6. Reference Lap-Shear Joints........................................................................ 153
4.5.7 Bonding of the Lap-Shear Joints  ......................................................153
4.6 Results and Discussion...................................................................................155
4.6.1 Water Uptake Experiment........................................................................... 155
4.6.2 U.V. Spectroscopic Analysis Of Water Samples from the Water Uptake 
Experiments............................................................................................................163
4.6.3 Dynamic Mechanical Thermal Analysis, DMTA....................................... 166
4.6.4 Lap-Shear Testing of the Epoxy Adhesive Systems Incorporating the 
Quaternary Salts..................................................................................................... 172
4.7 Conclusions...........................................................   182
CHAPTER 5: CONCLUSIONS AND FURTHER W ORK...............................   184
5.1. Conclusions.......................................................................................................184
5.2 Future Wo rk   .....................................................................   190
6. REFERENCES.........................................................................................................195
4
Chapter 1
Introduction
Chapter 1: Introduction
1. Introduction
The idea of the development of a responsive side group polymer has been conceived 
to try to solve the problem of repairing interfacial failure of adhesives thought to be 
induced by the formation of kissing bonds (Section 1.2). A model system has been 
developed to evaluate whether the possibility of generating and releasing a secondary 
component into an adhesive matrix is feasible. The model system is based upon the 
synthesis of a free radical thermally initiated copolymer backbone, polyfmethyl 
methaciylate-co-A,A-2-(dimethylamino)ethyl methacrylate], PjMMA-DMAEMA] 
(Figure 1.1). The copolymer PjMMA-DMAEMA], has been selected to act as the 
carrier polymer because polymerised N, V-2-(dimethylamino)ethyl methacrylate 
contains side chains from the copolymer backbone that contain amino functional 
groups. These moieties can be protonated by acids, and can then undergo acid-base 
interactions with an anionic (deprotonated) acidic monomer to produce a novel ionic 
quaternary copolymer salt (or model system). The original model system was based 
on the concept of an acid-base reaction between the copolymer backbone, which is 
basic, and 2-methacryloyloxyethyl phosphate, MOEP, (Figure 1.2) an acrylate based 
monomer that contains both acid and phosphate functionalities. MOEP was selected, 
because it is well known that molecules containing phosphorus moieties lead to an 
increase in the chemical adhesion of an adherend to a substrate2. The project was 
expanded to incorporate two further acid monomers, methacrylic acid, MA, (Figure 
1.3) and vinylphosphonic acid, VPA, (Figure 1.4) so comparisons could be drawn 
between model systems containing carboxylic acid, phosphonic acid and phosphoric 
acid functionalities.
Figure 1.1: Polyfmethyl methacrylate-c0-A,A-2-(dimethylammo)ethyl 
methacrylate]
HoCOOC CO
N—
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Figure 1.2: The model system; poly[methyl methacry\site-co-N,N-2- 
(dimethylammonium)ethylmethacryIate]+[methacryloyloxyethyl phosphate]
HXOOC CO
H - N —
I \ / \  /
OH x OOC
Figure 1.3: Poly[methyl methacrylate-c0-7V,7V-2-(dimethylammonium)ethyl 
methacrylate]+[methacrylate]'
HXOOC CO
+
N
O
Figure 1.4: Poly[methyl methacrylate-co-Ar,Ar-2-(dimethylammonium)ethyl 
methacrylate]+[vinylphosphonate]'
HXOOC CO
OH
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The aim of the model system is to dissociate the acidic monomer from the main chain, 
upon ingress of water into the adhesive bond (Figure 1.5). For the model system to 
work, the ingressed water will have to separate the protonated copolymer and the acid 
monomer by migrating between the two. This will result in loss of the ionic bonding, 
and possibly deprotonation of the amino side chain. Subsequent protonation of the 
acidic monomer may occur followed by diffusion of the monomer through the 
adhesive matrix to the adhesive-adherend interface, where ‘kissing bonds’, or signs of 
adhesive failure have begun to occur.
Figure 1.5: (a) Ingress of water leading to the formation of kissing bonds (blue 
lines); (b) Dissociation of the monomer moiety (red/pink triangles) initiated by 
ingressed water molecule (blue spheres); (c) Migration of the dissociated 
monomers (pink triangles) to the area of interfacial failure from kissing bonds; 
(d) Formation of a secondary matrix from polymerisation of migrated monomers 
(pink lines) by an external stimulus
Kissing bonds
Interfacial 
Failure i
(c)
bonds
System 
Kissing Bonds
W ater molecules
(d)
Kissing
bonds
Migrated monomer Polymerised monomer
Secondary polymerisation of the monomer can be initiated through an external 
stimulus, e.g. ultrasound, microwaves, electric current or heat, resulting in the 
formation of new bonds between the adhesive and the substrate. Effectively, a second 
polymer matrix will be formed within the original adhesive matrix. For the purpose of 
testing the model system, it will be incorporated into an epoxy adhesive, Epikote 828 
(diglycidyl ether of 6z'sphenol-A, DGEBA) and cured with Jeffamine D-230, a 
commonly used industrial adhesive system.
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1.1 Smart Polymers
The development of smart polymers crosses many boundaries of science, with 
research areas from bioactive polymers to adhesion chemistry. By using chemistry to 
replicate responsive organic polymers observable in nature it is hoped to develop 
synthetic smart polymers, also known as stimulus-responsive polymers. They could 
be incorporated into a variety of materials from drug delivery systems3 to pressure 
sensitive adhesives4. Galaev et a l5 have recently reviewed the development of smart 
materials for biological applications. Research areas have included:
• drug delivery system where drugs have been ionically bonded to biocompatable 
ionic polymers, e.g. insulin3, DNA6 and protein strands, where a change in pH of 
the system will cause a response from the polymer. For example, exposure of a 
biocompatible ionic copolymer to glucose, will cause oxidation of the glucose to 
gluconic acid and because of the oxidation a decrease in the pH of the system is 
observed resulting in the controlled release of the drug. Another example is the 
synthesis of quaternary amine polymers whrch contain anionic drugs ionically 
bonded to cationic copolymers, similar in structure to the proposed model system;
• biocatalysts designed to be pH responsive , where a change in pH will cause the 
release of enzymes from a polymer or hydrogel, via conformational changes in the 
polymer;
• biomimetic actuators, where chemical energy is converted into mechanical energy 
e.g. an artificial fish8, with a tail produced from a polymeric gel, has been made to 
swim. Fingers made from polymeric gels have been made to pick up quails eggs8;
• chemical valves;
• thermoresponsive surfaces9 based upon materials which have properties that can 
change the hydrophobic-hydrophilic nature of the surface, for example, when 
there is a change in temperature.
The key to the success of many of these systems lies in the ability of the polymers to 
undergo chemical and/or physical change in the presence of an environmental 
stimulus, e.g. variation in pH, solvation, ionic strength, temperature, electronic or 
magnetic field. This ability to respond to external stimuli is vital information showing
8
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why bioactive polymers are applicable to this research project; the development of a 
responsive side group polymer that will respond to environmental changes.
The majority of biologically designed smart polymers are based upon acrylate 
copolymers containing amino functionalities, for example, iV-isopropylacrylamide and 
AfA^-dimethylaminoethyl methacrylate, DMAEMA. As the model system for this 
project is based upon a copolymer containing DMAEMA, then much of the 
information about biological smart polymers found within the literature is applicable.
Konar et a l 7 have designed a bioerodable material based upon quaternary amine 
copolymers. Their research has revolved around the production of a drug delivery 
system that will degrade in acidic-aqueous conditions to release a predetermined drug 
into the surrounding environment, e.g. intestinal and gastric fluids. One of the 
copolymers synthesised, by free radical polymerisation, was P[TMAEMC-co- 
MMA]+Cr, an ionic copolymer almost identical to the copolymer backbone designed 
for the model system. The only difference between the system developed by Konar 
and the model systems discussed in this thesis was the use of the ionic monomer, 
trimethylaminoethyl methacrylate chloride, by Konar to form the quaternary 
copolymer. Konar subsequently complexed the ionic copolymer with the sodium salt 
of a drug; Diclofenac Na in a solution. In comparison, the synthesis of the model 
system in this thesis has been based on the reaction of non-ionic monomers, 
DMAEMA and MMA to form a copolymer, which after copolymerisation has 
occurred subsequently undergoes an acid-base reaction, initiated by the addition of the 
acidic monomer to form a quaternary copolymer.
Konar et al.7 determined the composition of the quaternary copolymer, P[TMAEMC- 
co-MMA]+Cl by elemental analysis, while the salt containing the complexed drug was 
characterised by U.V. spectroscopy. However, determination of the P[TMAEMC-co- 
MMA]+CT copolymer composition by Konar et al.7 using elemental analysis could 
have been flawed. The nitrogen moiety may be removed if the side chain can readily 
react via the Hofmann elimination reaction (section 1.8.1), thus giving an inaccurate 
result for the percentage of nitrogen present. Secondary analysis e.g. ]H NMR, should 
have been used to confirm the structure of the quaternary copolymer, which could be 
used to determine the ratio of DMAEMA to MMA within the copolymer.
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DMAEMA has been used by Glad et a l10 to form an interpenetrating network, IPN, 
for the application of reactive cationic exchange membranes. The paper discusses the 
method of synthesising a porous membrane by using up to five monomers 
polymerising in various ratios, including 2,3-epoxypropyl methacrylate, (glycidyl 
methacrylate) GMA, DMAEMA, 2-hydroxyethyl methacrylate, HEMA, dodecyl 
methacrylate, DMA, and ethyl methacrylate, EMA, inside the pores of porous 
polypropene by photoinitiation. An interpenetrating network, IPN, was formed. The 
polymerised IPNs were quatemised by methylation with iodomethane (10%) and 
1,2,2,5,5-pentaethylpiperidine (2%) was used as a proton acceptor, proving that 
DMAEMA does readily undergo protonation. Interestingly, membranes synthesised 
with DMAEMA, followed by quatemisation were found to lose amine during the 
synthetic or testing process. Washing two of the membranes containing 95% 
DMAEMA, 5% EDMA, and 55% DMAEMA, 40% HEMA and 5 % EMA, with 
ethanol, resulted in 15% and a 10% loss in amine content, whilst leaching with acid 
and base, cause the amino content to reduce to 77% and 85% of the original content 
of the membrane. The loss of amino functionality during quatemisation was attributed 
to two possible causes. First, via hydrolysis of the pendant ester group, and second, it 
was possible that nitrogen loss could occur through the Hofmann elimination reaction 
(Section 1.8.1) leading to degradation at the methylation stage of the reaction. If the 
loss of the amino functionality is possible then it may become a problem during this 
research project, as the salt formation is based on the protonation of the amino group.
Phase transitions of poly[N,W-2-(dimethylamino)ethyl methacrylate-co-acrylamide], 
P [DMAEMA-AAm], due to changes in temperature and pH have been researched by 
Yuk et a l Their research is based upon varying the solution pH to increase tie 
temperature that the onset of the lower critical solution temperature, LCST, occurs. 
This is the critical temperature when a polymer will be dissolved in or will precipitate 
out of a solution. By knowing the LCST of the copolymer, the insulin, incorporaled 
into a model system, could be released into an external system by dissolving the 
polymer at a particular temperature and pH, in a reversible system. The polymeisalt 
was regenerated by reversal of the pH of the system. The paper discussed the 
hydrogen bonding interactions associated with the copolymers of P[DMAMA- 
AAm] and also P[DMAEMA], as analysed by FTIR spectroscopy. Analyis o f  
hydrogen bonding from the protonated amino functionality was focused on an
10
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absorbance region between 3410 - 3390 cm'111. More specifically the N-H stretching 
frequency of 3410 cm-1 was closely monitored for any shift or increase in strength of 
the absorbed wavelength.
11
Chapter 1: Introduction
1.2 Kissing Bonds1’16
‘Kissing bonds’, also known as ‘zero-volume unbonds’, ZVU, are a theoretical 
concept of areas of failure which occur at the adhesive-adherend interface, where no 
intimate contact, whether mechanical, physical, or chemical is thought to occur. It has 
been theorised that the formation of ‘kissing bonds’ may be initiated by the ingress of 
water between the interface of the adhesive and the substrate. It is widely accepted 
that water that has ingressed into a joint will cause failure to occur at the interfacial 
region between the adhesive and the substrate12. The water molecule, which exists 
associated to other water molecules13,14,15 through hydrogen bonding interactions, 
penetrates into the joint between the adhesive and the substrate. The water molecule 
(or water molecules if several are associated together) form a molecular bridge 
between the adhesive and the substrate through electrostatic interactions including 
Van der Waals forces and hydrogen bonding. Consequently, the adhesive is only 
‘loosely’ bonded to the adherend through a chain of water molecules bonded by 
intermolecular forces, known as ‘kissing bonds’, which have virtually no strength. A 
void area, of an approximate depth of O.Snm1 is formed, which may spread across the 
interfacial area resulting in delamination of the joint.
It is important to bear in mind that ‘kissing bonds’ are only a theoretical concept 
developed to try to interpret the interfacial failure of adhesives and that they have not 
been proven to exist by experimentation. Without this proof, it is possible that this 
project could be trying to solve a problem that does not actually occur. If kissing 
bonds do not exist then what actually initiates classical interfacial adhesive failure? 
This question is beyond the scope of this thesis.
It is important to note that the value for the maximum depth of a kissing bond has not 
been calculated, but has been assumed by the authors, Allsop et al.1, to be the 
determined by the maximum distance that non-destructive evaluation techniques, 
NDE, can penetrate through an adhesive subtracted from the bond thickness, i.e. the 
region from the adhesive-adherend interface to the first point at which debonding can 
be detected using NDE is the maximum theoretical size of a kissing bond. The term 
‘Zero-volume unbond’, is purely a name given to the bond, and does not state that the 
‘unbond’ has zero-volume, as zero-volume is an impossibility.
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‘Kissing bonds’ were first discussed in the literature by Nagy16, who suggested that 
they were a result of plastic contact between smooth or slightly rough surfaces, 
leading to the formation of an interfacial defect. The presence of the defect, according 
to Nagy, does not affect the cohesive properties of the material, but the ‘kissing bond’ 
can easily progress into delamination of the adhesive and the substrate through the 
application of pressure or load to the region. Therefore, Nagy theorises that ‘kissing 
bonds’ occur via mechanical interactions, not chemical interactions, as suggested by 
Allsop et a l1. At present there is no method of determining the presence of ‘kissing 
bonds’ within an adhesive structure, by non-destructive evaluation, NDE17, so neither 
theory can be proven. Experiments using low-level ultrasonic detection of ‘kissing 
bonds’ have failed. Through his research, Nagy tried to prove the existence of ‘kissing 
bonds’ through the existence of partial bonds, areas of high concentration of ‘kissing 
bonds’. Nagy used a high frequency, high-angle ultrasonic transmission and 
reflection, which detected and compared changes in the transverse and longitudinal 
vibrations. It was not successful as secondary images were observed which were 
indistinguishable from areas of delamination and suspected ‘kissing bonds’. The 
determination of the ‘kissing bonds’ also involved analysing the adhesive and the 
substrate independently for comparison purposes, which is time consuming and is not 
practical. Therefore, it can only be concluded that localised failure, theoretically 
initiated from the formation of ‘kissing bonds’, can only be observed when interfacial 
failure has progressed to the point of observable separation of the adhesive and 
substrate.
1*3 Free Radical Addition Polymerisation Reaction of Methacrylate Monomers
Free radical addition polymerisation is a commonly used reaction that is well 
documented in the literature18,19,20. This method of polymerisation has been selected 
to form the copolymer backbone, PjMMA-DMAEMA], of the model system because 
the polymerisation of methacrylate monomers by this technique is well 
known21,22,23,24,25 and the reaction scheme is widely accepted18,19(Figure 1.6). The 
principle of the technique is the generation of a free radical, an unpaired, or unbonded 
electron, to initiate a chain reaction from a single monomer, which proceeds by 
propagation to form a macro chain. The initiator, in this example 2,2-azo6/s(2- 
methylpropionitrile), ADBN, undergoes thermolysis when heated above 60°C to form 
two radicals. To form a stable molecule, the radical will react with the nearest
13
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monomer, creating a chain carrier. The reaction proceeds to the propagation stage of 
the reaction by the carrier monomer reacting with a second monomer to form a carrier 
chain. The propagating chain will continue to react with further monomers until there 
are no more unreacted monomers or the reaction becomes terminated in one of three 
ways:
• the combination step; the reacting chain can react with another radical- 
containing chain to form a longer polymeric chain;
• the disproportionation step; when two chains are formed by the transfer of a 
hydrogen atom from one reactive chain to the second;
• intitiator radicals; if  there are any unreacted initiator radicals left, they can 
react with a chain carrier to terminate the chain growth.
Free radical polymerisation reactions are of relatively short duration with the majority 
of the reactants reacting within the first 30 minutes. The polymeric chains formed are 
normally long, comprising over 1000 units in length18. This means that there is a 
steady decrease of the monomer concentration during the reaction as they become 
converted into polymeric chains.
Reaction conditions, temperature, reagent quantities, solvent effects and reaction time 
all have a substantial effect on the final polymer produced18. Increases in temperature 
will not only increase the rate of the reaction, but will also cause a decrease in chain 
length. The chains will react more quickly and are therefore more statistically likely to 
react with another chain carrier and terminate the reaction26. The choice of solvent 
affects the reactivity of the monomer and reactivity to other, different, monomers 
(Section 1.6). A longer reaction time will improve the yield of the product but will 
not have any effect on the molar mass of the polymer produced. Control of the chain 
length is achieved by lowering the reaction temperature and adjusting the initiator to 
monomer concentration, normally at a molar concentration of 1%, to reduce the 
possibility of the occurrence of chain termination.
Disadvantages of the radical process include a wide distribution of molecular mass, 
hence a high polydispersity (wide distribution of chain lengths). Limited control of 
the chain lengths produced can be gained by adding a chain transfer agent.
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Figure 1.6: Reaction scheme for the free radical polymerisation of methyl 
methacrylate.
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1.4. Tacticity
Tacticity is concerned with the stereoconfiguration of a polymeric molecule27 and is 
differentiated by two types of structure: monotactic polymers and ditactic polymers. 
The fundamental difference between the two is that the carbon atoms along the 
backbone of monotactic polymers demonstrate no chirality, unlike the carbon atoms 
in the ditactic macromolecules, which form chiral centres with the attached side 
chains. The orientation of the side chains at the chiral centres causes the formation of 
racemic polymeric mixtures.
Monotactic macromolecules in the trans-trans conformation have three types of 
tacticity: isotactic, syndiotactic and atactic (also known as heterotactic) and are 
described in terms of r, the racemic diad, and m, the meso diad. The atoms and side 
chains of isotactic copolymers (mm) have the same conformational order along the 
molecule (Figure 1.7).
Figure 1.7: Isotactic Poly[methyl methacrylate]
COXH
CH CH, C 0oCH
Syndiotactic (rr) polymers have side chains that have an alternating conformation 
(Figure 1.8).
Figure 1.8: Syndiotactic Poly[methyl methacrylate]
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The conformation of the side chains of atactic (rm or mr) polymers is random along 
the polymer backbone, with some atoms and sidechains of alternating conformation 
and others identical in conformation to neighbouring moieties (Figure 1.9).
Figure 1.9: Atactic Poly[methyI methacrylate]
Ditactic polymers have chiral centres along the backbone. Again, three conformations 
are formed, two are isotactic and the third is syndiotactic. They are erythro-di- 
isotactic, threo-di-isotactic, and di-syndiotactic. The erythro isomer is formed when a 
c/s-substituted monomer is used in the reaction, while a monomer which is trans- 
substituted forms a threo conformation.
1.5. NTVTR Snectrosconic Analysis of Macromolecules
NMR is commonly used to determine the structure of polymeric materials. In the last 
thirty years Bovey et ai 28’29>30'31'32 have published many papers on the subject of 
NMR spectroscopic techniques applicable to macromolecules. Their research focuses 
on the application of 1-, 2-, and 3-dimensional NMR spectroscopy to study the 
structure, conformation, tacticity, and atomic interactions of polymer chains. Much of 
the research has focused on the PMMA chains.
In the analysis of free radically polymerised PMMA, Bovey et ai 28>29’30’31>32 observed 
three singlet peaks (CH2) in the 1-dimensional NMR spectum. These were determined 
to be representative of the tacticity of the polymer chains. The predominant peak 
observed was the syndiotactic peak. The second largest peak was observed to be the 
atactic conformation and a small amount of isotatic polymer was observed. By 
analysing the height of the peaks, the ratio of the isomers was calculated.
Bovey and Mirau28 compared the NMR spectra of the products of different 
polymerisation methods; namely an anionic addition homopolymerisation of MMA 
and a free radical addition homopolymerisation reaction of MMA. They discovered
C 0 2CH3
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that the anionic reaction formed predominantly isotactic polymers (95%) with few 
atactic isomers (5%) being observed; no syndiotactic isomers occurred in the racemic 
mixture. The product from the free radical reaction formed a racemic mixture of all 
three conformations in varying ratios. In his 1986 paper, Bovey29 summarised the 
history, background, and application of NMR to macromolecules.
1.6 Solvation Effects on the Polvmerisation of Methacrylate Based Monomers
The choice of solvent has a significant effect on the reactivity of the monomer used in 
the radical polymerisation reaction. Bune et al.23 have documented the effect of 
solvation on the kinetics of the free radical addition reaction of DMAEMA Varying 
the solvent system caused the electronic structure of the carbonyl group of the 
monomer to change, therefore affecting the reactivity of the monomer(s) and the 
chain length of the produced polymer. The effect on the polymer structure is 
dependent on the polarity of the chosen solvent, whether it was an aprotic or protic 
solvent. A protic, polar solvent will cause protonation of the carbonyl group to occur 
and this will alter the electron density and the conjugation of the double bond of the 
methacrylate monomer. Bune et al23 proved this by UV spectroscopy, where a long 
shift in wavelength of the tt-ti* transition was observed and also the displacement of 
the carbonyl absorption band. By varying the reaction solvent, the change in polarities 
of different organic solvents could be compared. Effects due to the proton-donor 
properties of the monomer and also the effect of replacing the organic solvent by 
water were observable. It was noted, in the comparison of solvents that do not form 
hydrogen bonds in solution, that the carbonyl group of DMAEMA had identical shifts 
for each of the different solvents used when analysed by 13C NMR spectroscopy. 
Analysis of the CH2= shift in aprotic solvents by ]H NMR spectroscopy also showed 
no shift of the peaks as the solvents were changed, again indicative that hydrogen
I  -5
bond formation was not occurring. In methanol, the C NMR spectrum showed that 
the protonation of the carbonyl group causes the shift to move up field to a lower ppm 
value. It was observed from the 2-dimensional NMR spectrum that there were no 
intermolecular hydrogen bonds formed between atoms in the molecules.
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1.7 Electrostatic Interactions of Polymers
Research by Kato et a l6 looked at the use o f terminal functional groups o f the grafted 
polymers of MOEP, DMAEMA, glycidyl methacrylate, JV-vinylformamide and 
acrylic acid, bonded onto a substrate surface of oxidised PET fibres. The research was 
focused on the electrostatic interactions between the terminal functional groups and 
moieties on a DNA strand. The acid functional groups on poly[acrylic acid], PAA, 
and poly[2-methaciyloylethyl phosphate], PMOEP, were reacted with the DNA strand 
to form ionic bonds with nitrogen or phosphate moieties. The researchers successfully 
managed to form an ionic bond, through electrostatic interactions between the 
protonated grafted PDMAEMA and the phosphate moiety on the DNA strand, in the 
same manner that the model system has been designed (Figure 1.10).
Figure 1.10: Interaction of DNA with P[DMAEMA] grafted onto a PET fibres
3 3
Luo et al. have also observed hydrogen-bonding interactions occurring during the
electrostatic interactions of two polymers in a solvent system. The interactions were
studied between poly[7V-methyl-4-piperidinyl methacrylate], PMPMA, and PAA, 
poly[methacrylic acid], PMA, poly[vinylphosphonic acid], PVPA, and 
poly(styrenesulfonic acid), PSSA. They describe how an increase in solvent-polymer 
interactions causes the polymers to form a  quaternary salt, resulting in the 
precipitation of the polymer out of solution. The polymers were able to form 
complexes with other polymers through hydrogen bonding or ionic interactions. The 
findings will be of interest in the future as both PVPA and PMA interactions have 
been studied and the monomers VPA and MA are used within the model systems o f 
this project. The compounds were characterised by DSC, Differential Scanning 
Calorimetry, FTIR, Fourier Transfer Infrared spectroscopy, and XPS, X-ray 
Photoelectron Spectroscopy. The paper concluded that the interactions between the 
polymers were dependent on the acidic strength of the second polymer. Only the 
weakly acidic polymer, PVA, was bonded through hydrogen bonding interactions.
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The other polymers were stronger acids so bonded via ionic interactions with the 
protonated PMPMA. This will be important to consider when comparing the three 
anionic monomers used in the formation of the salts.
Yan et a l4 have synthesised and characterised cationic copolymers based upon butyl 
acrylate, BA, and [3-(methacryloylamino)propyl]trimethylammonium chloride, 
MAPTAC. This paper reflects work o f a similar nature to the work addressed by this 
thesis, through the production of a cationic copolymer. The ionic copolymers were 
formed by free radical polymerisation through the reaction of a cationic monomer, in 
this case MAPTAC, with a second monomer, BA. This approach would not be 
possible for the synthesis of the model system as the ionically bonded monomer, 
MOEP, MA or VPA, would also react with the initiator AIBN and undergo 
polymerisation at the same time as MMA and DMAEMA.
1.7.1 Cyclisation of the Tertiary Amino Side Chain
Possible interactions of the tertiary side chain may occur within the individual side 
chains attached to the polymer backbone. Side chain interactions have been 
researched by Pradny et a l34,35,36 They propose that the DMAEMA side chain can 
undergo bonding either via attraction of the lone pairs on the nitrogen atom (Figure
1.11) or through hydrogen bonding to the carbonyl group (Figure 1.12). Both types of 
interactions only occur when the polymer is dissolved in a protonated solvent, e.g.. 
H2O, where solvent-polymer interactions aid in changing the intramolecular 
electrostatic interactions of the polymer.
CH.
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Figure 1.11: Cyclisation due to
attraction of the lone pair on the 
nitrogen atom to the carbonyl group.
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The degree of cyclisation that occurs is dependent on the number of side chains 
attached to the polymer backbone, the neighbouring moieties, chosen solvent34, steric 
and electrostatic effects35. When the polymer is dissolved in a protonated solvent, the 
side chain exhibits acid-base properties that are related to the nucleophilic properties 
of the amine group (lone pair of electrons), ultimately having an effect on the 
reactivity of the side chain. Neighbouring functional groups cause an increase or 
decrease in electrostatic charge35 o f the carbonyl group influencing the nature o f the 
acid-base cyclisation of the side chain. The steric properties of the chain 
conformation, whether there are areas of block or random copolymerisation, will also 
have an effect on the cyclisation of the side chain. Solvent effects34 may increase 
(ethanol) or decrease (THF) the intramolecular forces, i.e. protonation leading to 
hydrogen bonding between the side chains. This will also have an effect on the 
reactivities of the monomers23 (Section 1.6). The two conformations are thought to 
exist at different pH values. The literature indicates that the conformation (Figure
1.11) exists at a lower pH value than the hydrogen bonded conformation (Figure
1.12). The hydrogen bonding interaction in the latter conformation stretches the N-H 
bond.
Cyclisation of the side chains may have possible effects on the degree of salt 
formation when the polymer is reacted with the acidic monomers, only if cyclisation 
occurs before the salt formation is complete. The formation o f cyclic side chains will 
have to be taken into consideration when forming the salt, as well as the steric 
conformation of the polymer i.e. the tacticity37 (Section 1.4) of the polymer backbone.
1.8 Degradation of Methacrylate Based Polymers
Information about the degradation of the copolymers and the salts is vital to determine 
characteristics of the material. The thermal-oxidative stability of the material is 
measurable by thermogravimetric analysis. Information gained from this technique 
includes the temperature range over which the material is stable, i.e. at what 
temperature does the onset of degradation occur, and over how many transitions does 
the degradation take place. Knowing how the polymeric system breaks down is 
important so assessments can be made as to whether any hazardous or toxic by­
products are produced.
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Wilkie38 published a review paper on the subject area of degradation of methacrylate 
polymers detailing the mechanism of the breakdown of PMMA as a model system. He 
summarised that the degradation of PMMA is thought to occur predominantly via end 
chain scission, but could possibly also occur by random scission. The predominant 
by-product of the degradation process was the re-formation of the monomer, methyl 
methacrylate. The review paper detailed the degradation path of PMMA, as proposed 
by Kashiwagi et al.3,9 where radical unzipping o f the homopolymer backbone occurs, 
to produce two radical fragments of the polymer. Further degradation results in the 
production of a monomer and a tertiary radical. Scission of the thermally unstable 
side-chain from the end unit of the fragmented polymer backbone followed by the 
cleavage of the polymer backbone results in the release o f an alkylene moiety. The 
research by Kashiwagi et a l39 focused upon anionically polymerised PMMA. 
Degradation of anionic PMMA can only occur by random chain scission, because 
within the homopolymer each monomeric unit is identical in structure and 
conformation, therefore does not contain weak links or end chain unsaturations.
Manring40,41,42 proposed three alternative degradation schemes for the three possible 
types o f structural conformations found in PMMA, synthesised using an AIBN free 
radical initiator. These illustrated the degradation of PMMA at weak linkages present 
in the homopolymer through:
• vinyl-terminated PMMA chain40, where degradation was initiated by a radical 
attack of the unsaturated chain end;
• weak head to head PMMA linkages41, via homolytic scission of the head to
head bonds;
•  random chain scission42, where degradation was initiated by homolytic
scission of the methoxycarbonyl side chain. A free radical is formed on the
polymer backbone, which propagates degradation by cleavage of the chain to
form a tertiary radical and a vinyl terminated polymer chain.
Wilkie38 highlighted that the only difference between the two proposed degradation 
pathways by Manring39,40,41 and Kashiwagi37 occurred at the initiation step. Manring42 
proposed that chain scission occurred initially through cleavage of the 
methoxycarbonyl side chain. However, Kashiwagi37 hypothesised that degradation
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was initiated through scission of the main polymer backbone. Manring suggested that 
his route is the more favourable pathway due to the main chain scission being 
kinetically inhibited in favour of side chain scission.
Hofmann degradation, also known as the Hofmann elimination reaction, is the process 
of the cleavage of a quaternary ammonium ion from a molecule, on heating. 
Traditionally, the reaction starts with the methylation of a primary, secondary or 
tertiary amine with iodomethane, to form a quaternary ammonium moiety, followed 
by substitution of iodide by a hydroxide moiety. This results in the formation of a 
quaternary ammonium hydroxide salt, structurally very similar to the quaternary salt 
of the model system. Heating of the solution of the salt results in the elimination of 
the amine between 100°C and 2Q0°C followed by the formation of the by-products, an 
alkene, trimethylamine and water. The degradation temperature can be reduced by 
removal of any solvents via distillation or freeze drying43 to produce a concentrate 
that is heated under vacuum. The reaction proceeds by an E2 elimination mechanism 
(Figure 1.13) although March43 does discuss the elimination o f the quaternary 
ammonium moiety via an E l elimination mechanism (Figure 1.14) when the 
ammonium moiety is sterically hindered.
Figure 1.13: Hofmann degradation reaction of a quaternary salt, via an E2 
mechanism
1.8.1 Hofmann Degradation43,44
Figure 1.14: Hofmann degradation reaction of a quaternary salt, via an  E l 
mechanism
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1.9 Acid-Base Properties and Titration Experiments
The literature surrounding the subject area o f the electrostatic formation o f quaternary 
polymeric salts and the quatemisation of copolymers is varied. Many research groups 
have studied a small area of the interactions of molecules and polymers used in salt 
formation, whether through pH titrations45,46, hydrogen ion titrations46 or acid-base 
interactions45,46. Studies have also included the polymerisation of cationic monomers 
with anionic halide ions4,34 , but none of the literature so far has indicated that a 
research group has tried to attach a polymerisable monomer to a copolymer by ionic 
bonds. Konar et a l  have managed to synthesise an ionic quaternary copolymer salt 
by polymerising an ionic and a neutral monomer, although this approach used an ionic 
monomer as a starting material, rather than forming the quaternary salt during the 
reaction.
Efimova et a l45 have studied the acid-base properties of both monomeric and 
polymeric DMAEMA salts in aqueous and aqueous-ethanol conditions. Monomeric 
and polymeric salts o f DMAEMA were easily created through acid-base reactions 
with HC1, HNOj, H2SO4, or H3PO4 acids. Specific properties of the salts identified by 
the paper45, included high solubility in water; fairly high conductivity; surface-active 
properties and catalytic activity. The paper discussed the potentiometric titration of 
the monomeric and polymeric salts The gradient of the polymeric titration curves 
were noticeably steeper than the monomeric curves. From the titrations the ionisation 
constants for the monomeric and polymeric quaternary salts were calculated and the 
electrostatic free energies of ionisation AG^kJmof1) were determined. It was noted 
that the structural features of the anions (size and element, e.g. carbon or phosphorus) 
had a significant effect on the ionisation constants and AGei of the salts and the 
ionisation constants for the monomers and polymers were reduced in an aqueous 
environment compared to an aqueous-ethanol environment. This was attributed to the 
decrease in basicity of the amino group in the presence of ethanol. An important 
discussion point of this paper was how the structure and shape of the anion affected 
the ionisation constant. The quaternary ammonium ionically bonded with the Cl* 
anion had an ionisation constant of 6.60 in aqueous conditions compared to an 
ionisation constant of 7.20 for HPO4H3 under the same conditions. The trend is
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repeated for an aqueous ethanoh'c solution; a constant of 6.15 for HCI compared to 
7.15 for H3PO4.
Selzer et a l 47,48 have synthesised phosphate mono- and di-ester cation-exchange 
resins. They detail the synthesis of mono-and di-ester phosphates and through this 
work have analysed the resins for cation-exchange properties* including pH titrations. 
The paper and references therein, give useful FTIR spectroscopic information 
regarding the phosphorus moiety.
pH titrations for copolymers containing MMA, DMAEMA and MA units have been 
analysed by Patrikios et a l46 They have characterised colloidal polyampholytes by 
analysing the stability of the compounds over varying pH, polymer concentration and 
salt type. The paper discussed the protonation of the DMAEMA moiety and the 
deprotonation of the MA moiety, where DMAEMA was protonated at a pH less than 
8 and MA becoming anionically charged at a pH greater than 5. If this is true, then for 
the model system containing MA that has been synthesised, the optimum conditions 
for a stable associated model system will lie between the pH of 5-8, where both the 
DMAEMA and the MA exist in their charged forms. Bearing in mind that the paper 
refers to a colloidal system and the model system being analysed is theoretically an 
ionic salt, if the information regarding pH is true, this phenomenon may be observed 
during the electrochemical titration experiments. Information was also derived about 
the electrostatic attraction and repulsion forces with regards to pH and also 
precipitation. The paper concludes that both the attractive and repulsive forces, which 
oppose precipitation of the copolymer in solution, are pH dependent, especially 
between blocks of oppositely charged moieties.
Pradnyr et a l31 have studied polyelectrolyte copolymers of DMAEMA, including 
copolymers with monomers such as 2-hydroxyethyl methacrylate, HEMA, 
acrylamide, methacrylamide, and 2-methacryloyloxyethyltrimethylammonium 
methylsulphate. The electropotential calculations31 give an indication of the effect of 
pH on the solution, and also show how the increase in pH affects the degree of 
ionisation with change in ionic strength for the polyelectrolytes, while later papers32,83 
showed how the pKa affected the structure of the copolymer side chains, as 
previously discussed (Section 1.7.1). Their work is interesting as it proves that the
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electropotential titrations of the copolymers can be performed in an aqueous medium, 
but the aqueous system results cannot be directly compared to solvent systems. For 
any potentiometric titration experiments to be comparable, they must be repeated 
under identical conditions, including temperature, solvent systems, reference 
electrodes and identical concentration o f supporting electrolyte solutions, to ensure 
that no change in ionic strength of the system occurs.
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1.tO H ie Chemistry of Electropotential Titrations
1.10.1 The Protonation Constant Kr
One method for the determination of the interaction between an acid, e.g. methacrylic 
acid, and a base, e.g. PpyiMA-DMAEMA] is to determine the protonation constant of 
a system in a given solvent. The protonation constant, Kp, is the degree of interaction 
of a proton with another molecule Kp provides a quantitative measure of the affinity 
of a given species for the proton and is referred to the process expanded in equation
1.1. It is also known as the association constant and can be determined from the
thermodynamics and the pH of a reaction*
KP
B(AN) + Hf(AN) ^  BH* (AN) (1.1)
Where (an> is the solvent, acetonitrile, used in the system.
The thermodynamic protonation constant, Kp is derived by:
Kp = [BH+]y±BH+/[B]tH+]y±H+ (1.2)
Assuming that y±bh+ = Y±h+ in dilute solutions, where y is the activity coefficient for 
the acid, y±h+, and the protonated base, y±bh+, them
KP= [BHt]/[B][Ht] (1.3)
Taking logs:
Iog,oKp = log10[BH+] - logio |B] -  logio [H4] (1.4)
Because -logio [H1) =  pH then
logw KP = pH + logio ([BH^/fB]) ^.51
Rearrangement gives
pH = logio Kp + log10 ([B)/[BH+]) r l .6 )
where
pKa =-logio Kp (1.7)
Substitution of pKa into equation 1.6
pH = pKa + log10([B]/[BH+]) (1.8)
At the point when the number of protonated base molecules is equal to the number of 
unprotonated base molecules, then:
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[BH+] = [B] (19)
Therefore:
pH = pKa = Iog10 Kp (1.10)
Since pH = -logio [H4], then pH is directly correlated to the protonation constant. 
This states that the log of the protonation constant is directly equal to the -log of the 
concentration of protons present, when the number of protonated base molecules is 
equal to the number of unprotonated base molecules.
1.10.2 Potentiometric Titrations Based On The Nernst Equation49’50,51’52
Potentiometric titration is a method of determining the protonation constant, Kp, of 
molecules. The electrochemical cell consists of two electrodes, the indicator electrode 
and the reference electrode. The conversion of the metal electrode into ions at a 
molecular level, through the loss of electrons, results in a current passing between the 
two electrodes. For the experiments conducted, a salt bridge cell has been used 
(Figure 1.15).
Figure 1.15: The electrochemical cell
Glass pH electrode 
(Figure 1.16) ^ <Ag/AgN03  Reference 
electrode (Figure 1.17)
Support 
electrolyte and 
sample
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The two half cells that form the electrochemical cell are a Ag/AgN03  reference 
electrode and a pH electrode designed for high precision work. The glass pH 
electrode49’50 (Figure 1.16) consists of a glass membrane tube containing a silver 
wire. The bottom of the glass tube contains a small amount of 0.1M HC1, of known 
pH, saturated with AgCl. The glass membrane is porous and the chloride ions migrate 
freely across. The book Principles and applications o f electrochemistry49 states that 
the glass electrode works on the assumption “that the potential difference between the 
surface o f the glass membrane and the solution is a linear function ofpH50". Glass 
electrodes can be accurately used over the pH range 1-9. Above pH 9 the electrode 
may give readings slightly lower that the actual value, because ions become trapped in 
the glass membrane. To combat this, lithium glass electrodes are widely used50.
The Ag/AgNC>3 reference electrode (Figure 1.17), that forms the second half-cell, is 
normally a glass tube with a porous membrane, consisting of an outer and inner 
jacket. The outer jacket of the reference electrode is filled with a supporting 
electrolyte, e.g. ferra-n-butylammoniumperchlorate, B114NCIO4, while the inner jacket 
is filled with the supporting electrolyte containing a source of silver ions, e.g. AgNC>3.
BU4NCIO4 (0.05M)
Figure 1.16: Glass pH electrode Figure 1.17: Silver Reference Electrode
The reaction between the metal and the glass electrode can be broken down, as 
follows:
Ag(s) Ag+ glass BU4NCIO4 glass
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The general reaction scheme for a redox reaction of the electrochemical cell is49 
Oxi + m  ^  Redi
R edi-w e ► Oxi
Where Ox represents oxidation and Red represents reduction. 
The overall reaction scheme would be:
Oxi + Redz Redi + 0 x2
Initially, the silver ion of the silver nitrate molecule accepts an electron to liberate the 
nitrate ion.
AgN03 + e ► Ag(s)+ N 0 3'
When the salt bridge cell reaches equilibrium the reaction scheme would be:
Ag(s) + N 0 3" ^  AgN03 + e'
At equilibrium, the electropotential, E, o f the system can be measured in milli-volts, 
mV, using a pH potentiometer (the apparatus can be used to measure both pH and 
millivolts). Addition of the acid to the cell causes a chemical reaction changing the 
pH of the system, causing a change in the flow rate of electrons from one electrode to 
the other. This results in an increase in the potential o f the system.
1*10.3 TheNernstJEauation
The electropotential and protonation constant o f the system are connected by the 
Nemst equation, which can be derived51,52 from the basic principles of 
thermodynamics. Every chemical reaction scheme consists of reactants and products:
When the reaction proceeds to the right, i.e. a product is produced then the Gibbs free 
energy of the system is:
aA + pB ^  yC + 8D (1.11)
AG = AG° + RT In (aC)(aD) 
(aAXaR)
(1.13)
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where aA, aB, aC and aD are activation co-efficients of the system. When the system 
is at equilibrium, i.e., no reaction takes place and no electron transfer occurs, then AG 
= 0 and equation (8) can be rearranged:
AG = -RT ln(aC)(aD)/(aA)(aB)
(1.13)
where (aC)(aD)/(aA)(aB) = KP
(1.14)
therefore
AG = AG°+RTInKP (1.15)
where AG is the free energy change, and AG° is the standard state free energy change 
of the system* Assuming ideal behaviour of the system and using the thermodynamic 
equation for the change in free energy of the system, then:
AG = -nFE (1.16) and AG° = -nFE° (1.17)
where:
F = Faraday constant = 9.6485 x 104 C mol'1 
E = Electropotential, mV
E° = Standard electrode potential o f the reaction, mV 
n = Number of moles
Substituting equations (1.16) and (1.17) into the equation (1.12)
-nFE = -nFE0 + RT ln(aC)(aD)
(aA)(aB)
Substituting in equation (1.18) gives:
-nFE = -nFE0 + RT lnKH
which can be rearranged to give the Nemst equation:
E = E °-(R T lnK H)/nF
(1.20)
If E= 0, then the system is at equilibrium and (1-21)
E°= (-RT In Kn)/nF
(1.18)
(1.19)
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It can then be stated that -nFE = -RTInKn = AG
R = Gas constant = 83145 JK'1 mol-1 (1.22)
T = Temperature, K
By convention In is converted to logio, by taking the natural log of the equation, 
before is applied to an experimental application.
The Nemst equation becomes:
E = E° + 2.303RTlogia [ i t ]  
nF
At 25°C, 298.15K, 2.303RT/F should equal 59.2mV. This value is used to calibrate 
the electropotential cell by plotting a graph of E  (mV) vs logio [H4]. For an accurately 
calibrated cell, the gradient o f the calibration curve should be equal to 2.303RT/nF 
(from the Nemst Equation) or 59.2 mV, at 25°C, 298.15K.
The standard electropotential for the system, E°, can be calculated from the point that 
the line crosses the y-axis. i.e. when the x value, in this case logio [H+], equals 0. 
Therefore, the logio [H4] can be calculated for the system.
(1.24)
logio [H4] = E - E°/59.2mV (or gradient of the calibration curve)
Since pH = -logio [H4], the pH of the system can be calculated.
The potentiometric equation for the cell used in the copolymer analysis experiments 
is:
Ag(s) AgN03 (0.01M)(AN) 
BU4NCIO4  (0.05M)(an)
B114NCIO4 (0.05M)(an) BiuNC104(0.05M)(an)
P[MMA-DMAEMA](AN)
Ag(s)
Reference electrode A Salt bridge A Sample pH electrode
glass glass
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1.11. Zvgologv: The Process of Adhesion
"Zygology is the science o f joining things, and adhesion studies form only a small 
part o f  this science, other parts being concerned with welding, riveting and all forms 
of mechanical jointing" - V. Vohrialik and W.C. Wake
Adhesion is the process of the joining two surfaces through the use of chemical 
substances, normally polymeric, ceramic, or metallic materials. Adhesives are 
commonly used in a variety of applications from fabricating shoes and binding books, 
to joining materials in the production of aeroplane wings and boat hulls. Different 
adhesive formulations can be used to join dissimilar materials e.g. wood, plastics, 
metals, alloys or composites.
The process o f adhesion is not fully understood. Four theories have been hypothesised 
and are well documented in the literature78,79,54,55; the mechanical, the electrostatic, 
the adsorption and the diffusion theories. It is widely assumed that the process of 
adhesion is a combination of all four theories, although it is thought that the 
adsorption and diffusion theories predominate.
1.11.1 The Mechanical Theory
The mechanical theory revolves around the principle o f the locking o f the adhesive 
onto the surface of the substrate via mechanical action. The liquid adhesive is applied 
to the substrate and it flows into the cracks and troughs on the surface of the 
adherend. It solidifies in the cracks and troughs, normally through a chemical reaction 
e.g. anaerobic, or condensation, and is effectively locked’ into place on the surface. 
Sanding or smoothing of the substrate’s surface may lead to reduction or elimination 
of the cracks and troughs, but possibly weakening of the substrate may occur. Poor 
application of adhesives can lead to air becoming trapped within the crevices, 
reducing the area of contact between the adhesive and the substrate, again causing 
weakening of the joint.
Roughening of the surface can be achieved by mechanical or chemical treatments. 
Mechanical methods include sanding, or grit blasting, while chemical treatment 
processes include removal of the formed oxides by surface etching using chromic o r
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phosphoric acid. Pocius54 highlighted studies that have been conducted to observe the 
effect of mechanical roughness, for example comparing sand blasting to polished steel 
butt joints; a significant improvement in tensile strength was observed for the 
sandblasted joints. He also highlighted an increase in adhesion due to increased 
surface roughness through chemical treatment, e.g. chromic acid-sulphuric acid 
etching and the formation of microporous surfaces by anodization of aluminium. 
Contrary to this, Kinloch56 discusses the roughening o f substrates by mechanical and 
chemical methods, but concludes that mechanical roughening of the substrate surface 
does not produce cavities and troughs suitable for adhesion. He cited separate 
research56 by Tabor and Johnson as examples of tested surfaces, which are supposedly 
perfectly smooth that have been adhered together and uses this to imply that the 
process of adhesion is not caused by the interlocking of the adhesive to a substrate. 
Kinloch56 also theorised that if the adhesion via the locking of the adhesive to the 
substrate does occur, then mechanical interlocking will only arise when there is 
formation of ‘ink-well’ shaped cavities. This enables the adhesive to fill the hole as a 
liquid, but when it has set, it has a shape that will be too big to be pulled through the 
hole, effectively locking the adhesive into place. ‘Inkwells’ are not formed from 
mechanical abrasion. However, cavities similar in structure to inkwells are formed 
through chemical treatment, e.g. anodization, although Kinloch56 and Shaw79 question 
whether adhesion occurs by mechanical interlocking or through other methods of 
interactions and processes.
LM AJftUarefrffitatfr Ite m .
The electrostatic theory of adhesion, first proposed by Deryagin and Krotova57, is 
based upon the electrostatic interactions occurring in an adhesively bonded system. 
They assume the existence of an electrical double layer at the adhesive/substrate 
interface, where the definition of an electrical double layer is ‘A positive and negative 
layer distribution o f electrical charge very close together so that effectively the total 
charge is zero but the two layers form an assembly o f dipoles, thus giving rise to an 
electric field*58. This principle was applied to the theoiy of adhesion using the 
attraction of opposite charges, in this case the differences in the electrostatic attractive 
forces of substrate and the adhesive, effectively to form an electrical double layer 
which is responsible for the adhesion of the adhesive to the substrate.
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The theory is contentious, because it assumes that the electrical double layer is the 
reason for the occurrence of adhesion. Kinloch59 has highlighted the fact that the 
electrostatic forces are a consequence of the formation of the adhesive bond, and do 
not form the basis of adhesion at the interface.
1.11.3 The Adsorption Theory
Adsorption is defined as ‘Ihe taking up o f  one substance at the surface o f another ’60. 
The adsorption theory, also known as wettability of the adhesive, is one of the more 
widely accepted theories. It examines the amount of contact between the adhesive and 
the substrate. The adsorption theory is an expansion of the definition of absorption as 
stated above and Kinloch61 sums up the theory ‘that provided sufficiently intimate 
molecular contact is achieved at the interface, the materials will adhere because of  
the intermolecular forces... between the atoms and molecules in the surface o f the 
adhesive and substrate \
When applied to materials, the adsorption theory can be split into two; electrostatic 
interactions and chemical bonding. Electrostatic interactions occur at the adherend- 
adhesive interface and include weak interactions e.g. Van der Waals, London 
dispersion forces, dipole-dipole, and dipole-induced dipole interactions. (Table 1.1) 
Stronger interactions occur through the formation of hydrogen bonding, via 
electrostatic attraction between the hydroxyl groups bonded to the surface of the 
substrate and electronegative moieties containing nitrogen, oxygen or fluorine in the 
adhesive. Hydrogen bonding will only occur between a hydrogen atom covalently 
bonded to an electronegative atom, for example oxygen or nitrogen, and a  second 
atom of high electronegativity. Polarization of the electron clouds causes an 
electrostatic attraction to occur between the hydrogen atom and an electronegative 
atom, resulting in the formation of a hydrogen bond, usually of the strength of 10- 
40kJmol'162, between the adhesive and the substrate.
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Table 1.1: Energy Ranges for different Electrostatic Interactions63
Type of Foree Typical Energy Range 
kcal/mol63
Typical Energy Range 
Converted into kJ/mol 
( lC a I  = 4.184 J)
Van der Waals Forces
Dispersion Forces 5 20.9
Dipole-Dipole Up to 10 Up to 40.2
Dipole-Induced Dipole Up to 0.5 Up to 2.1
Hydrogen Bonding
- Acetic Acid 15.9 (2 bonds per molecule) 66.5
- Ethanol 4.0 (2 bonds per molecule) 16.7
- W ater 6.8 (2 bonds per molecule) 28.5
Chemical Bonds
Covalent Bonds 15-170 63-711
Ionic Bonds 140-250 586-1046
Metallic Bonds 27-83 113-347
Chemical interactions occur when the substrate undergoes a chemical reaction with 
the adhesive through one or more mechanisms: Ionic, covalent, metallic bonding or 
through acid-base interactions. Chemical interactions will only occur when the 
molecules of the adhesive contain reactive functional groups, which will react easily 
with the surface of a substrate, e.g. hydroxyl groups, carboxylic acid moieties or 
amino functional groups.
The diffusion theory is based upon the bonding of polymers to polymers that are able 
to diffuse across an interface, e.g. diffusion from the adhesive to the substrate and vice 
versa. Polymers contain long chains, which have both mobility (kinetic energy) and 
solubility (thermodynamics). Diffusion across the interface is dependent on both 
factors. Firstly, the polymer must have enough mobility, hence energy, so that it can 
transgress the interface. Secondly, the transgressing polymer must be soluble in the 
second polymer system. This can be determined from the solubility parameter64 o f the 
individual polymer. Polymers with similar values should mix. Vohrakalik and Wake65 
discuss the diffusion theory with respect to the contact of the adhesive to the 
substrate. For diffusion to occur, the adhesive and the substrate must be joined 
together through applied pressure and should have complete contact between the 
adhesive and the adherend across the whole bonded area. The adhesive strength of the 
bonded area is said to be proportional to the number of molecular chains crossing the 
interface and the depth that the polymer chains diffuse into the substrate.
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1.12 Failure of Adhesives
Adhesive failure has been widely documented in the literature. It is commonly known 
that adhesives fail through one of three ways66:
• Cohesive failure when cracks originate in the adhesive layer. This normally is 
an indication that the actual adhesive is not strong enough and re-enforcement 
is needed, e.g. glass fibre.
• Interfacial failure occurs at the interface of the substrate and the adhesive, 
leading to the separation of the adhesive and the adherend. It is widely 
accepted that this is the most common method of adhesive failure78.
• Material failure occurs when cracks appear within the substrate leading to 
failure of the substrate, i.e. the material breaks.
Factors affecting adhesive failure include stress and strain (tensile, torsional, shear or 
peel) loaded on to a joint, e.g. the wing on an aeroplane. Adhesives used for aerospace 
and automobile applications have to withstand external stress and strains associated 
with speed and flight, as well as environmental and chemical effects. Environment 
effects, for example temperature and humidity, are known to influence significantly 
the failure rate of joints. Adhesive joints exposed to highly humid environments will 
show a significant loss of strength over a period of time, due to ingress and migration 
of water from the atmosphere into the joint and secondly due to chemical reactions 
between the water molecules and the adhesive (Section 1.14).
The chemical environment of the joint will play a role in the adhesive failure. 
Exposure to corrosive chemicals, e.g. sea salt, acid rain, oil spilt from an engine, or 
acidic or alkaline environments, will lead to weakening of the adhesive, the substrate, 
or both. The chemicals may react with the adhesive, or permeate through the 
adhesive-substrate interface causing degradation of the joint. Alternatively, the 
chemical may attack the substrate, oxidising it and leaving the substrate thinner or 
even dissolved, producing an area of weakness or possible failure,
A range of studies to improve adhesion between an adhesive and a substrate have all 
included the addition of organophosphate monomers and (co)polymers. Ando et al.67 
have concentrated on observing the self-assembly process of methacryloyloxyethyl
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and methacrlyoydecyl dihydrogen phosphates on the surface of a silver substrate by 
Infrared Reflection Absorption Spectroscopy (IRA). They highlight that within 
dentistry* methacryloyloxydecyl phosphate is well known for increasing adhesion 
between dental resin and metal surfaces treated with this monomer.
Maega et a l68 have researched into the formation of self-assembling adhesion 
promoters, for application to aluminium substrates, with the aim of improving 
adhesion and corrosion properties at the metal-polymer interface. The interactions of 
organic molecules with varying terminal functional groups, e.g. R-Br, R-OH, R-NH2, 
R-SH, R-COOH, R-SiO(OH)2, R-PO3H2, R-PO4H2 were studied, including their 
interactions with aluminium powder; and whether the interactions between the two 
were hydrophilic or hydrophobic at pH 7 and pH 12 or the observed coverage of the
/o
primer across the substrate. Maega et al. proposed that surfactants which contain 
Si(OR)3 or phosphate groups and a vinyl moiety are absorbed more readily onto the 
surface of the aluminium compared to molecules containing -Br, -OH, NH2 or -SH 
functional moieties. They have also proposed a diagram of the acid base interactions 
of the molecules to the surface of the metal substrate. After application, the monomers 
can undergo a further reaction with an applied coating via reaction with the 
terminated vinyl group.
Priola et at.69 discussed the comparison o f U.V. curable epoxy-acrylic resins which 
contain (meth)acrylic molecules functionalised with either carboxylic acid or esters of 
phosphorus acids (PO3H2 and PO2H). Their research focussed on the improvement of 
adhesion at a metal-polymer interface using phosphate functionalised molecules. They 
concluded that the chemical interactions of diglycidal esters of &«phenol-A-acrylic 
adhesive resins with specific acid groups lead to an increase in adhesion to steel 
substrate. Molecules functionalised with PO3H2 had the greatest increase in adhesion 
compared to the carboxylic acid and phosphorus acids (PO2H) evaluated. Increasing 
the length and flexibility of the chain attached to the functionised end group lead to an 
increase in adhesion compared to adhesives comprising of shorter more rigid 
polymeric chains. Interestingly, they observed that addition of some of the acrylic 
additives caused an overall change in the kinetics o f the curing reaction especially for 
systems containing mono-4-(acryloyloxy)butylphosphoric acid (OPO3H2)
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functionised end group), while addition of the acidic end groups caused an increase in 
the absorption of water in a humid environment.
1.13 Environmental Degradation and Testing
When designing an adhesive system, consideration of all the modes of failure is 
important. However, this project is concerned with the failure o f adhesives at the 
interfacial region through environmental factors. Within the literature, it is widely 
documented that the greatest cause of adhesion failure is the presence of water70. 
Water is present within the atmosphere either in liquid or vapour forms. Therefore, it 
is virtually impossible to eliminate water from the process of forming adhesive bonds 
in an atmospheric environment. The presence of water causes four major problems for 
adhesive bonding, which affect the physical and structural properties of adhesives:
• Acceleration of the degradation of a joint. Hostile environments for adhesive 
bonds are climates, which combine high temperatures with high humidity, or 
environments where the operational temperature is normally above 70oCl and 
this will significantly reduce the life span o f the joint.
♦ Absorbed water reduces the glass transition temperature, Tg, o f the adhesive, 
therefore lowering the working temperature of the system, where the upper 
working temperature o f the adhesive is determined by the Tg.
♦ Cracks can be induced, sometimes due the swelling o f the adhesive from the 
uptake of water.
• A chemical reaction may occur between the water molecules and the adhesive.
Before an adhesive is used in a real situation, information on the chemical effect o f
water and also the amount absorbed by the adhesive is critical as it can cause changes 
in the bulk properties of the adhesive. When discussing the absorption of water, it is 
important to realise that water is normally found aggregated to other water molecules 
through hydrogen bonding interactions14 (Section 1.2) and is not present as single 
water molecules. It has been documented by Kinloch71 that water will not attack the 
adhesive in many cases, but will instead attack the adbesive-adherend interface.
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1.13.1 Fick’s Laws of Diffusion72,73,74
Fick’s first and second laws o f diffusion are used to determine the diffusion o f a 
molecule through a liquid or solid, e.g. solvent, maeromoleeule or crystalline lattice. 
Diffusion can be stated as the movement of an atom or molecule from one point in 
space to another due to the change in the chemical potential of a system. This is 
normally attributed to a change in concentration o f a system, for example the mixing 
of two liquids, when molecules will move from the region of high concentration to 
lower concentration until equilibrium of the system is achieved.
In 1855 Fick discovered that the amount of solute to diffuse thorough a unit area per 
unit time, normally discussed in terms of the flux (J) of a system, was proportional to 
the concentration differential across the area in question72. Fick’s first law considered 
one-dimensional diffusion of a molecule through a surface (1.25) where the 
concentration gradient was equal to dc/dx:
Jcc -(dc/dx) (L25)
Where dc was the change in concentration of the diffusing molecule and dx was the 
distance o f diffusion. Fick considered the diffusion o f a substance at a distance x in 
the x plane, through a three-dimensional object, e.g. a plaque, of thickness, dx, and the 
change in the concentration gradient of this system before and after diffusion. This 
formed the basis for Fick’s second law. By subtracting the rate at which solute 
molecules entered a plaque from the rate at which the solute molecules left, Fick 
determined the rate of their accumulation within the object. The concentration 
gradient of the system altered proportionally to the rate of solute molecules diffusing 
out of the plaque and because the rate of diffusion of the solute molecules out of the 
system decreases with an increase in accumulation within the plaque, then the 
concentration gradient will also decrease linearly. Fick combined these two facts to 
produce Fick’s second law of diffusion (1.26):
(dc/dt)x = D(d2cfdx2)t (1.26)
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where D is the diffusion coefficient, (dcfdt)x is the change in concentration with 
respect to time at a distance of x, and (d cldx )t is the change in concentration gradient 
with respect to the object thickness (dx) at time t  By applying boundary conditions to 
Fick’s second law followed by integration, an equation (1.27) that can be applied to 
experimental procedures was derived75.
Mt/Me = 4(Df/n)1/2/x (1.27)
Where:
Mt/Me= Mass o f water absorbed at time t, and at equilibrium e; 
x =  the plaque thickness;
D = the diffusion coefficient 
7i = constant, 3.14159
The diffusion coefficient can be determined experimentally by applying the equation 
(1.27) to experimental observations of the absorption of water by prepared plaques, 
commonly called a water uptake experiment. The American Society for Testing and 
Materials has published a standard experimental procedure for water uptake 
experiments76. The experiment uses sample plaques submerged in distilled water, 
where the amount of water absorbed by the plaques is determined over a period of 
time until equilibrium is achieved. The percentage water absorption, Mt/Me, is plotted 
against the square root of time over sample thickness, Vt/x, where Mt is the weight of 
the plaque at time, t, Me is the weight of the plaque at equilibrium and x is the sample 
thickness. By determining the initial gradient of the slope (the linear section), a 
diffusion constant, k, can be determined, then substituted into the equation (1.28) to 
determine the Fickian diffusion coefficient of the system74.
D=7i(k/4M<,)2 ( U 8 )
Where M* is the total mass uptake of water by the plaques at equilibrium.
Research into the absorption of water by epoxy resins is widespread and has 
encompassed areas such as the effect on water uptake of variation in the 
stoichiometric ratio of resin to curing agent by Grave et a l15, or the effect of water on
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77the structure and mechanical properties of an epoxy resin system by Nogueira et al.
In the paper, Nogueira et a l11 summarise the present research into the interactions of 
water with an epoxy resin* Points highlighted include the three possible modes of 
water absorption:
•  Absorption of the water molecules into any available holes within the epoxy 
resin network;
• Sorbtion of water or atmospheric moisture into any voids on the surface of the 
polymer
• Electrostatic hydrogen bonding interactions between the water molecules and 
hydrophilic sites on the epoxy resin. The absorption of water by the epoxy 
resin is related to the number of available hydrogen bonding sites on the resin, 
that the water molecules can electrostatically interact with.
Whether the water molecule exists as free water or aggregated to other molecules will 
have a significant effect on the type of interactions and absorption observed. 
Temperature also has a fundamental effect on the rate of diffusion. It is commonly
77known that the diffusion coefficient can be substituted into the Arrhenius equation 
to relate the temperature and rate of diffusion of a given system.
Grave et a l 75 in their study of factors which affect the concentration of water 
absorbed, have looked at the role of Tg, surface topography, specific site binding and 
non-stoichiometric ratios of reactants. Diglycidyl ether of 6 /sphenol-A, DGEBA (or 
BADGE) was reacted with stoichiometric variations of triethylenetetramine, TETA at 
different cure temperatures. They have observed that increasing the concentration of 
amine within the given system leads to an increase in water absorption and also an 
increase in the total amount of water absorbed at equilibrium* whether the water 
molecules are bound to the resin or exist as free or aggregated water within the cured 
resin network. They hypothesise that this increase in water content may be due to the 
formation of extra voids within the system, resulting in free volume, attributed to the 
higher concentration of amine curing agent used.
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1.14 The Chemistry of Epoxv Resins
Since the first synthesis o f epoxy resins, credited jointly to Castean and Grenlee for 
their separate discoveries between 1936-3980, the chemistry of epoxy resins has 
significantly influenced the world of modem materials. The versatility of epoxy resins 
today means that they are applicable to a wide range of manufacturing industries 
including:
• electrical goods; epoxy resins have good insulation properties;
•transport; epoxies can be reinforced with other materials, e.g. carbon or glass 
fibre, to form lightweight structures which have enhanced strength compared 
to non reinforced materials and some metals;
♦surface coatings; modified epoxy resins are widely used as a coating inside 
food tins and soft drink cans, utilising the chemical resistance properties of the 
cured resin to acids and alkalis. The coating can be tailored to its environment, 
depending on the resin and curing agent selected, e.g. the coating on the inside 
of a can of acidic cola or the lining of a swimming pool;
•adhesives; epoxy resins have excellent adhesion properties, as discussed by 
Shaw78,79 and are easily bonded to metals and other substrates, whether at 
room temperature or higher temperatures up to 150°C They shrink minimally, 
which is good for bonding and do not produce volatile by-products during 
curing.
The foundations o f epoxy resins are based upon the molecule DGEBA, synthesised 
from the addition etherification reaction of fosphenol-A (acetone reacted with phenol) 
with epichlorohydrin (Figure 1.). DGEBA is subsequently reacted with itself and 
more epichlorohydrin to produce oligomeric DGEBA, which is the predominant form 
that DGEBA is widely available as a commercial material. The last 60 years has seen 
many modifications to the reactions of epoxies, from varying the initial reactants, 
catalysts, to modifying the reaction mechanisms. The long-term goal for industry is 
the formation of new types of epoxy resin systems, chemically enhanced for specific 
industrial applications. Examples can be found in many basic polymer chemistry 
books and include modified ^phenols, e.g. Bwphenol-F, and Novolac resins.
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Lee and Neville define an epoxy resin as ‘any molecule containing more than one a- 
epoxy group (whether situated internally; terminally, or on cyclic structures) capable 
of being converted to a useful thermoset form *80.
Figure 1.18: Synthesis of diglycidyl ether of bisphenol-A (DGEBA or BADGE) 81
/ - O H  +  2 / ° \  / C1
S/sphenol-A (BPA) Epichlorohydrin
L
\  /) -o A
Diglycidyl ether of b/sphenol-A (DGEBA)
Catalyst + b/sphenol-A
/  %
OH
V \ I
+  2 H a
\ \ -0
Epoxy resins have been used within this project as the primary adhesive matrix 
capable of supporting the model system. Since the chemistry of epoxy resins is so 
broad (Lee and Neville hypothesise that epoxy resins can react in 56 different 
ways!)82. However, this thesis will only discuss reactions that are applicable to the 
incorporation of the model system.
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1.14.1 Epoxv Curing Reaction
The epoxy curing reaction used for this project is based upon a primary amine, 
polyoxyalkylenediamine, (Jeffamine D-230, Huntsman) (Figure 1.19) reacted with a 
diglycidyl ether of 6/sphenol-A (Epikote 828, Shell) (Figure 1.18). Primary, 
secondary and tertiary amines, acids and alcohols can all be used to cure epoxy resins. 
The initiation of the reaction occurs through nucleophilic attack on the epoxy ring, 
leading to the formation of a hydroxy group (Figure 1.20).
Figure 1.19: Jeffamine D-230 where n=2.6
n NH2
Figure 1.20: Reaction between a primary amine and an epoxy functionalised 
group, where A,B,D,R,R’ can be an alkyl, aryl, hydrogen or halide moiety.
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Secondary amines undergo reaction with epoxies in the presence of a hydrogen donor, 
e.g. a hydroxyl group. Lee & Neville83 suggest that the reaction proceeds by the 
following mechanism (Figure 1.21). The epoxy and the amine moieties are reactive 
end groups occurring at both ends of the molecular chain. Therefore, the reaction 
proceeds simultaneously at both ends of the epoxy molecule and crosslinking occurs 
rapidly. In both cases, the amine becomes incorporated into the polymer chain.
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Figure 1.21: Reaction mechanism of a secondary amine reacting with an epoxy 
moiety, where A and R can be an alkyl, aryl o r halide moiety.
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1.14.2 Theoretical Reactions between the Fnnxv Resin and the Salts
The epoxy resin system used in this project (section 4.2) contains diglycidyl ether of 
Msphenol-A, DGEBA, a polyoxyalkylenediamine, Jeffamine D-230, and one of the 
model system salts. The acidic monomers and the copolymer backbone contain 
functional groups that can react with the epoxy resin or the diamine curing agent, as 
epoxy resins react readily with both acids84 and bases84. The reactions will be 
systematically described and the areas of reactivity within the matrix highlighted.
1.14.3 Tertiary Amines
The copolymer backbone contains a tertiary amine moiety on the DMAEMA side 
chain. If, after salt formation, some of the tertiary amines remain unprotonated, then it 
is possible that the side chains could aid in die polymerisation of the epoxy resin. 
Tertiary amines are the most reactive of the amine compounds and are used to 
catalyse the reaction of the epoxies in the presence of oxygen atoms, e.g. H2O or a 
hydroxyl group. The presence of the hydroxyl group aids the initiation of ring opening 
of the epoxy group by the tertiary amine. The tertiary amine acts as a Lewis base 
using the lone pair o f electrons on the nitrogen atom to form a carbonium ion (Figure 
1.22) and from this a hydroxyl group can form or the carbonium ion can react with 
another epoxy group to initiate a chain reaction.
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Figure 1.22: Reaction between epoxies and tertiary amines85
H -O R '
Even though tertiary amines are more reactive that primary or secondary amines, 
Neville and Lee state that if tertiary amines are used as the sole curing agent they are 
required in high concentrations86, and this causes chain termination to occur often 
during the reaction.
Wright and Muggees87 discuss the usage of dimethylaminoalkyl ethers and esters as 
examples of tertiary amino curing agents. They noted that these molecules exhibit a 
long potlife* have minimal odours and give higher tensile strength properties in the 
product (when compared to dimethylpropylamine). The model systems contain 
protonated tertiary amino moieties on the copolymer backbone. The lone pair of 
electrons is already involved in bonding with the proton, and the ionic attraction to the 
anion. Theoretically, the tertiary ammonium moiety should not react with the epoxy 
group.
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1.14.4 Alcohols
Epoxies react readily with alcohols (Figure 1.23). The reaction proceeds by 
protonation of the epoxy ring, via the oxygen atom. This results in a shift of the 
electron density away from the carbon atoms.
Figure 1.23: Reaction scheme for the reaction of an alcohol and an epoxy 
functional group.
A weakly nucleophilic molecule, in this case alcohol, will attack the less substituted 
carbon atom to produce ring opening of the epoxy. The reaction favours an Sn2 
reaction, (Figure 1.24) with the exception of a strongly stabilised system e.g. a phenyl 
substituted ring. This would result in an SrI mechanism
Figure 1.24: Sn2 mechanism for the reaction between a nucleophilic alcohol and
•  88 an epoxy ring
R' OH
UlitLAcirts
Organic acids react readily with epoxy moieties and are frequently used as curing 
agents. Carboxylic acids react via an addition esterification reaction, where the 
carboxyl group is reacted with the epoxy ring to form an ester with a hydroxyl group 
attached to the carbon atom (Figure 1.25). Chain growth occurs through reactions 
between the epoxy group and the hydroxyl group or through a secondary reaction 
with another organic acid (Figure 1.26).
R
OH
R R
H
+
RO-
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Figure 1.25: The condensation esterification reaction between the hydroxyl 
moiety and a carboxylic acid molecule.
n  O
R 'OH R' R
OH
Figure 1.26: The addition reaction between an epoxy functional group and an 
alcohol moiety.
i  4  a —-A I ♦*>
R OH ^  O 1 X O p  R'
OH x ------ '
The methacrylate monomer in the P[MMA-DMAEMA]+[MA]' salt is a source of a 
carboxyl group. Theoretically, the methacrylate monomer cannot react with the epoxy 
group as the monomer has been deprotonated during the reaction and is ionically 
bonded to the copolymer. It is feasible that a small quantity of unreacted acid 
monomer could remain from the formation of the salt and initiate the reaction.
1.14.6 Phosphoric Acid
Phosphoric acids react readily with epoxy resins to produce phosphoric esters (Figure 
1.27). The model system P[MMA-DMAEMA]+[MOEP]~ contains a phosphoric ester, 
and the system P[MMA-DMAEMA]+[VPA]" contains a phosphonic acid end group. 
The reaction between the epoxy and the P-OH group should be considered as a side 
reaction for both model systems.
Figure 1.27: Reaction between an Epoxy and a Phosphonic Acid Moiety
R' ^  R
O  R  ? H I o - / A j / O H
+  * - r °  — -  0 = K o  V r
R OH r °H
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1.15 The Application of Primers
Classical adhesive failure normally occurs at the interface of the substrate and the 
adhesive, through a breakdown of the chemical or electrostatic bonding, sometimes 
the result of the ingress of atmospheric moisture or other solvents leaching into the 
interface creating a barrier. To reduce interfacial failure, the surface of the substrate is 
pre-treated to remove any oxide layers or unwanted grease and grime by mechanical 
or chemical treatment e.g. grit blasting (mechanical) or acid etching (chemical). 
Primers and coupling agents are commonly used as a pre-treatment of the substrate 
prior to bonding to form a chemical bridge between the two components. Reasons for 
using primers in conjunction with an adhesive include89,90:
• protection of the surface after cleaning, but before bonding, where protection 
of the surface may aid in increasing the storage life of the component;
• improvement of the wettability of a substrate by altering its surface energy, 
through dissolving the adhesive in a solution of lower viscosity. Alternatively 
the primer may form a layer on the surface of the substrate, which may 
enhance the adhesive wettability to the substrate;
• if there is the possibility of an unwanted reaction occurring between the 
adhesive and the substrate, the application of a primer may act as an inhibitor 
to the reaction;
• corrosion inhibiting primer may aid in the reduction of degradation of joints 
exposed to acids and alkaline environments;
• primers can be used to stop the absorbance of an adhesive through a porous 
surface, e.g. wood. Alternatively, they can be used to aid absorption of an 
adhesive on to the surface.
• chemisorption may occur when the primer is coupled to the substrate surface 
but is able to form covalent bonds with the adhesive, effectively reacting with 
the adhesive through the formation of chemical bonds.
Common primers are based upon organosilanes and chromates. In recent years, there 
has been an increased interested in the use of organosilanes as primers for 
environmental reasons, due to the potential carcinogenic properties91 of chromate 
based compounds.
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Environmentally friendly organosilane primers, applicable for use with epoxies and 
aluminium substrates include92:
• y-glycidoxypropyltrimethoxysilane, y-GPS (Figure 1.28);
• 3-aminopropyltriethoxysilane, APES (Figure 1.29);
• 3-aminopropyltrimethoxysilane (APMS) (Figure 1.30); 
AL(2-aminoethyl)-aminopropyltrimethoxysilane (AAMS) (Figure 1.31)
Figure 1.28: y-glycidoxypropyltrimethoxysilane (y-GPS)
OMe
Figure 1.29:3-aminopropyltriethoxysilane (APES)
OCH2CH3
H2N ^ ^ S i - O C H 2CH3
OCH2CH3
Figure 1.30: 3-aminopropyltrimethoxysilane (APMS)
<j)Me
H2M/ \ / \S i - O M e
OMe
Figure 1.31: Ar-(2-aminoethyl)-aminopropyltrimethoxysilane (AAMS)
OMe
H2NV / s N/ \ v/ \ s i - O M e  
H OMe
The application of organosilanes as adhesion promoters has been proven to increase 
bond strength89, although the primers have to be selected for the individual adhesive. 
For example with epoxy resins APMS, APES and AAMS primers could be chosen as 
each compound contains an amine functional group which can react readily with the 
epoxy group of the adhesive. y-GPS is also used as a primer for epoxy resins, but 
because the primer contains an epoxy end group, it will react with the amine curing 
agent in the epoxy adhesive or the partially reacted amine incorporated into the epoxy
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matrix (Figure 1.32). The mechanism of the reaction between the adhesive and the 
primer is still being debated93, as limited studies of organosilanes as adhesion 
promoters have been undertaken using comparable systems.
Figure 1.32: Reaction scheme of a primary amine reacting with the pre-treated
on
substrate
OH
O O
The mechanisms for the reaction between the primer and an aqueous solution, and the 
substrate and the primer is a two-stage reaction which has been well documented94,95. 
The initial step is the fast step, where the organosilane undergoes hydrolysis to form a 
trisilanol (Figure 1.33). For the second step, the slow step, the silane monomers 
undergo a condensation polymerisation reaction, where covalent bonds form between 
the substrate’s surface and the primer to form a polyorganosilanol network (Figure 
1.34). Organosilane aqueous solutions must be prepared in situ and used within a 
couple of hours to prevent condensation polymerisation occurring between the 
organosilane molecules (Figure 1.35), as this will inhibit coupling to the substrate 
surface.
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Figure 1.33: Hydrolysis reaction of an organosilane primer
OMe
, | Hydrolysis
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Figure 1.34: The condensation reaction of organosilanes onto an aluminium 
substrate
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Figure 1.35: Polymerisation condensation reaction of organosilane monomers
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Digby et al.96 have developed and published a standard procedure for the use of y- 
glycidoxypropyltrimethoxysilane, which has been incorporated into this research 
project (section 4.5.2). Before use, the y-GPS was hydrolysed with water to form y- 
glycidoxypropyltrihydroxysilane (Figure 1.34). Tod et al.89 have researched into the 
optimum reaction time for the hydrolysis of organosilanes. The research compared the 
reaction of the organosilane with distilled water to the reaction of the organosilane 
with an 95% ethanolic/aqueous solution, with respect to the hydrolysis reaction 
duration, and joint strength, for the comparison of two different adhesives; an epoxy 
resin (DGEBA) and a bismaleimide resin. Interestingly, the results showed a 
significant increase in butt joint strength for the organosilanes in an aqueous solution 
compared to an ethanolic solution. There was also a significant variation in the butt 
joint strength for the aqueous organosilane solution, with respect to the solution age 
(reaction stirring time). The optimum time for reacting the solution was 40 to 80 
minutes.
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Chapter 2. Synthesis and Characterisation o f Responsive Side Group Polymers 
2.1. Introduction
This chapter will describe the synthesis and characterisation of the model systems, 
including the synthesis of the copolymer backbone, P[MMA-DMAEMA], with 
variable monomer ratios used to produce four copolymers containing different 
percentages of the A,A-dimethylaminoethyl side chains.
Formation of the model system, the quaternary salt, P[MMA-DMAEMA]+[MOEP]', 
using each of the four copolymers will be described. As previously mentioned 
(Section 1.1), the project has been expanded to incorporate the formation of two 
further quaternary salts; P [MMA-DMAEMA]+[MA]' and P[MMA- 
DMAMEA]+[VPA]*. Comparison between acid functional groups of carboxylic, 
phosphoric and phosphonic acid types can be determined. A detailed summary of the 
synthesis of the three types of quaternary salts has been included.
The four copolymers and the individual salts have been characterised fully by !H 
Nuclear Magnetic Resonance Spectroscopy, NMR, Fourier Transform Infrared 
Spectroscopy, FTIR, Gel Permeation Chromatography, GPC, and Elemental Analysis, 
CHN. Particular attention has been paid to the accurate determination of the molecular 
structure, polymer chain length and electrostatic interactions of the four copolymers 
and twelve salts.
Further characterisation of the copolymers and salts by Thermogravimetric Analysis, 
TG Analysis, and Modulated Dynamic Scanning Calorimetry, MDSC, has been 
performed and comparisons have been drawn between the three types of quaternary 
salts.
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2.2 Free Radical Addition Polymerisation of Methyl Methacrylate and iV.iV-2- 
(dimethvlaminolethvl methacrylate in Varying Monomer Ratios.
The synthesis of the poly[methyl methacrylate-co-A^iV-2-(dimethylamino)ethyl 
methacrylate] (50:50), (Figure 2.1) is described below by the experimental method 
used for the synthesis of the four copolymers of varying stoichiometric ratios. The 
ratios and quantities of the monomers used to synthesis the individual copolymers can 
be found in Table 2.1.
2,2-Azo&/s(2-methylpropionitrile), AIBN, (Aldrich) (0.245 g, 1.49 mmol, 0.012 %) 
was dissolved in ethanol (100 ml) under nitrogen gas and the solution was constantly 
stirred at 200 rpm. Methyl methacrylate (Aldrich) (21 ml, 20.19g, 202 mmol) and 
A(7V-2-(dimethylamino)ethyl methacrylate (Aldrich) (8 ml, 7.46g, 48 mmol) were 
injected into the flask via a septum stoppered neck. The solution was degassed with 
nitrogen for 10 minutes and then the monomers were reacted at 70°C (internal 
solution temperature) for 24 hours, under nitrogen and constant stirring.
The reacted copolymer solution was pipetted into petroleum ether 60-80°C (600ml) 
under constant stirring. The solvent was decanted, followed by purification of the 
precipitate by dissolving in dichloromethane (50 ml). The copolymer solution was 
reprecipitated into petroleum ether, 60-80°C (600 ml). Again, the solvent was 
decanted from the precipitate and the precipitate was dried overnight over phosphorus 
pentoxide, under vacuum (water pump), at room temperature.
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Figure 2.1;Reaction scheme of the free radical initiated copolymerisation of 
methyl methacrylate and Ar,Ar-2-(dimethylamino)ethyl methacrylate
COOCH, COO' AIBN
HXOOC CO
N—
Table 2.1: Percentage of monomers used in the synthesis of P[MMA-DMAEMA] 
(50:50) JE5050, (60:40) JE6040, (70:30) JE7030, and (80:20) JE8020
Sample/
Classification
Percentages 
of MMA (Mi)
Percentages of
DMAEMA
(M2)
Mi
(mmol)
m 2
(mmol)
M i® M2 (g)
1 JE5050 50 50 131 125 13.14, 
(14 ml)
19.59, 
(21 ml)
2 JE6040 60 40 150 101 15.02, 
(16 ml)
15.86, 
(17 ml)
3 JE7030 70 30 178 74 17.84, 
(19 ml)
11.66, 
(12 ml)
4 JE8020 80 20 174 38 17.37, 
(18 ml)
5.97, 
(6 ml)
The monomeric percentage of MMA and DMAEMA in table 2.1 are nominal values 
and the exact percentages were determined at a later stage (Section 2.6; Table 2.12).
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2.2.1 Salt Formation between PrMMA-DMAEMA1 and Methacrvlovloxvethvl 
Phosphate. MOEP.
The experimental described below details the acid-base salt formation between 
P[MMA-DMAEMA] and MOEP. The same method was followed for the synthesis 
of each salt using the four different copolymers with only the quantities of the 
monomer being altered. The copolymer to monomer ratios and quantities of 
copolymers and monomers can be found in Table 2.2.
Poly[methyl methacrylate-co-A(Af-2-(dimethylamino)ethyl methacrylate] (2.00g, 
18.14 mmol) was dissolved in dichloromethane/ethanol (50:50) (15 ml) solvent 
system and was constantly stirred at 200 rpm. Methacryloyloxyethyl phosphate, 
(1.955g, 9.31 mmol) was dissolved in dichloromethane/ethanol (50:50) (15 ml). The 
solution containing the monomer was pipetted into the copolymer solution and the 
solution was stirred for 2 hours at room temperature, at no greater than 30°C. The 
dichloromethane and ethanol solvents were removed by rotary evaporation, with the 
water bath temperature no greater than 40°C. The salt was dried overnight over 
phosphorus pentoxide, under vacuum (water pump). The crude product was dissolved 
in distilled water (30 ml), then the solution was vacuum filtered through a sinter 
funnel containing Celite®. Unreacted copolymer was insoluble in water. Unreacted 
MOEP formed a precipitate in water. Both were easily removed from the salt solution 
by filtration. The solution was freeze-dried for 2 days and a very fine white powder 
was produced.
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Figure 2.2: Reaction scheme of the formation of a salt between poly[methyl 
methacrylate-c0-iV,jV,-2-(dimethylamino)ethyl methacrylate] and 
methacryloyloxyethyl phosphate
HXOOC
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Table 2.2: Reaction quantities required for the formation of the salt polyfmethyl 
methacrylate-c0-7V,7V-2-
(dimethylammonium)ethylmethacrylate]+[methacryloyloxyethyl phosphate]' 
(50:50) JEMOEP5050, (60:40) JEMOEP6040, (70:30) JEMOEP7030, and (80:20) 
JEMOEP8020
P[MMA-DMAEMA] Molar 
Ratio
P [MMA-DMAEMA] 
Mass tv)
MOEP Mass (g)
50:50 JEMOEP5050 2.00 1.960 (9.32 mmol)
60:40 JEMOEP6040 2.00 1.652 (7.86 mmol)
70:30 JEMOEP7030 2.00 1.257 (5.98 mmol)
80:20 JEMOEP8020 2.00 0.871 (4.15 mmol)
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2.2.2 Salt Formation between P1MMA-DMAEM Al (5Q;5(T> and Methacrvlic
The outline of the salt formation described below formed the basis for the reaction of 
the four copolymers with the MA monomer. The copolymer to monomer ratios and 
the reactant used can be found in Table 2.3.
Poly[methyl methacrylate-co-i\/,A-2-(dimethylamino)ethyl methacrylate] P[MMA- 
DMAEMA] (2g, 18.1 mmol) was dissolved in dichloromethane/ethanol (50:50) (15 
ml). Methaciylic acid (0.8012g, 5.98 mmol) was dissolved in
dichloromethane/ethanol (50:50) (15 ml). The solution containing the methacrylic 
acid was pipetted slowly into the stirring copolymer solution and the solution was 
stirred continuously for 2 hours at room temperature, at no greater than 30°C. The 
dichloromethane/ethanol solvents were removed by rotary evaporation at no greater 
than 45°C. The salt produced was dried overnight, over phosphorus pentoxide, in a 
vacuum desiccator. Purification of the salt was achieved by suspending the salt in 
hexane (200 ml). A mechanical high-speed stirrer (Ultraturrax) was used to break the 
salt into small particles to release any impurities or unreacted components. The salt 
was insoluble in hexane while the monomer was soluble. Any unreacted copolymer 
was not removed. Additional hexane was added, as necessary, due to solvent 
evaporation caused by the heat generated by the high-speed mechanical stirrer. The 
solvent was decanted off and the salt was dried over night over phosphorus pentoxide 
under vacuum (water pump).
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Figure 2.3: Formation of a salt between poly [methyl methacrylate-C0-iV,iV-2- 
(dimethylamino)ethyl methacrylate and methacrylic acid
HXOOC CO
O
HO
O
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Table 2.3: Copolymer and monomer ratios and quantities required for the 
formation of the salt; poly[methyl methacrylate-C0-7V,iV-2- 
(dimethylammonium)ethyl methacrylate]+[methacrylate]‘ (50:50) JEMA5050, 
(60:40) JEMA6040, (70:30) JEMA7030, and (80:20) JEMA8020
P[MMA-
DMAEMA] Molar 
Ratio
P [MMA-DMAEMA] Mass 
(g)
MA Mass (g)
(50:50)
JEMA5050
1.99 0.81 (9.41 mmol)
(60:40)
JEMA6040
2.01 0.68 (7.90 mmol)
(70:30)
JEMA7030
2.00 0.52 (6.04 mmol)
(80:20)
JEMA8020
2.00 0.36 (4.18 mmol)
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2,2,3 Salt Formation between Vinvlphosphonic Acid. VPA and PfMMA- 
PMAEMA1 (50:501
The outline of the salt formation described below formed the basis for the reaction of 
the four copolymers with the VPA monomer. The copolymer to monomer ratios and 
the reactant quantities used can be found in Table 2,4.
Poly[methyl methacrylate-co-V,V-2-(dimethylamino)ethyl methacrylate] (2.00g, 18.1
%
mmol) was dissolved in dichloromethane/ethanol (50:50) (15 ml). Vinylphosphonic 
acid (1.005g, 9.3 mmol) was dissolved in dichloromethane/ethanol (50:50) (15 ml). 
The solution containing the vinylphosphonic acid was pipetted into the stirred 
copolymer solution. The solution was stirred constantly for 2 hours at room 
temperature, at no greater than 30°C. The dichloromethane and ethanol solvents were 
removed by rotary evaporation, with a water bath temperature no greater than 45°C 
and the resulting salt was dried overnight over phosphorus pentoxide, under vacuum 
(water pump) in a desiccator. The salt was added to a beaker containing hexane (200 
ml) and a mechanical high-shear stirrer (Ultratuirax) was used to purify the salt by 
breaking it into small particles. The salt was insoluble in hexane while the monomer 
was soluble. Additional hexane was added to the beaker, as necessary, due to 
evaporation of the solvent caused by the heat generated by the mechanical stirrer.
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Figure 2.4: Reaction scheme of the formation of a salt between poly[methyl 
methacrylate-c0-iV,iV-2-(dimethylamino)ethyl methacrylate] and vinylphosphoric 
acid
OH
0 = P ^HXOOC CO
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Table 2.4: Copolymer and monomer ratios, and quantities required for the 
formation of the salts of poly[methyl methacrylate-£0-iV,iV-2- 
(dimethylammonium)ethyl methacrylate]+[vinylphosphonate]' (50:50) 
JEVPA5050, (60:40) JEVPA6040, (70:30) JEVPA7030, and (80:20) JEVPA8020
P [MMA-DMAEMA] 
M olar Ratio
P [MMA-DMAEMA] Mass VPA Mass
(50:50)
JEVPA5050
2.00g 1.01g(9.35 mmol)
(60:40)
JEVPA6040
2.00g 0.85g (7.87 mmol)
(70:30)
JEVPA7030
2.00g 0.65g (6.00 mmol)
(80:20)
JEVPA8020
2.00g 0.45g(4.17 mmol)
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2.3 Characterisation of Copolymers and Salts bv FTIR and *H NMR 
Snectrosconies. and GPC
2.3.1 *H Nuclear Magnetic Resonance Snectroscnnv
All samples were analysed by lH NMR spectroscopy, using a Jeol GHX-270 
spectrometer containing a 270 MHz magnet, at 21°C. Samples were analysed using 
three different types of solvents, dependent on the solubility of the copolymer and the 
three types of salts:
Copolymers and P[MMA-DMAEMA]+[MA]' salts; CDCI3, with TMS, 
tetramethylsilane, internal reference.
P [MMA-DMAEMA]+[ VP A] ‘ salts; CD3OD with TMS internal reference. 
PpVfMA-DMAEMA]+[MOEP]' salts; D2O with no internal reference.
2.3.2, FTIR Spectroscopy
FTIR spectroscopy was performed using a Perkin Elmer System 2000 Fourier 
transform infrared spectrometer. The samples, copolymers and salts, were analysed 
using potassium bromide, KBr, discs pressed for 15 minutes under a constant pressure 
of 9 tons.
2.3.3 Elemental Analysis
The samples were analysed using a Leemans CE440 Elemental Analyser for 
percentage content of C, H and N.
2.3.4: Gel Permeation Chromatography
GPC analysis of the copolymers was undertaken using the following experimental 
apparatus97: Column: PL-GEL Mixed-D 5 micron 60 mm, Pump: Waters 510, 
Solvent: THF, tetrahydrofuran, Flow Rate: 1.0 ml min'1, Refractive index detector: 
ERMAERC-7510. Reference: Polystyrene standard
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2.4 Thermal Analysis of the Copolymers, PfMMA-PMAEMAl and Ionic Salts
2.4.1 Modulated Differential Scanning Calorimetry
Modulated Differential Scanning Calorimetiy, MDSC, was performed using a TA 
2920 MDSC instrument. Samples were analysed, in aluminium DSC pans, which were 
not sealed, under an inert atmosphere of nitrogen at a flow rate of 40ml min'1, with a 
ramp rate of 3 K min-1 and an amplitude of ±1 K, at a period of 40 seconds. Sample 
pans were not sealed due to the volatile by-products produced during thermal analysis, 
which could cause a build up of vapour pressure leading to rupturing of the pans.
2.4.2 Themogravimetric Analysis
Samples were analysed by Thermogravimetric analysis, TG analysis, using a Perkin 
Elmer Thermogravimetric Analyser 7. The copolymers and salts were heated at a rate 
of 10 K min'1 from 30°C to 600°C, under nitrogen and 100 K min'1 from 600°C to 
1000°C under air for MA salts. The heating rate was modified to 50 K min'1 from 
600°C to 1000°C for VPA and MOEP salts, due to the presence of phosphorus within 
the samples. This caused side reactions and created degradation by-products during 
the analysis.
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2.5 Results and Discussion
2.5.1 Synthesis of the Copolvmers PfMMA-DMAEMAl
Four copolymers, P[MMA-DMAEMA], were synthesised using varying monomer 
ratios of MMA and DMAEMA. The ratio of DMAEMA was altered to produce 
copolymers, which contained varying numbers of amino side chains (Table 2.5, 
Experiments 2-5). Comparisons were made between the four copolymers, including 
changes in conformations, determined by FTIR and !H NMR spectroscopies caused 
by the variations in DMAEMA content within the sample sets. The experimental 
quantities were scaled up by a factor of 5 and the synthesis for the four copolymers 
was repeated (Table 2.6) to produce enough copolymer to synthesise the model 
system. Scale up of the reactions proved that the reactions were repeatable.
A noticeable change in the physical appearance of the precipitated copolymer 
occurred with an increase in MMA. The polymer changed from a sticky gel (50% 
MMA) via a tacky semi-solid (60% MMA) to a white, brittle solid (70% to 80% 
MMA). It was concluded that the amino side chain of the DMAEMA molecule had a 
significant effect on the physical appearance of the precipitated copolymer. The 
homopolymerised DMAEMA would not precipitate in petroleum ether 60°C-80°C, 
instead forming a grey gel at the bottom of the beaker.
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Table 2.5: Experimental results for the synthesis of polyjmethyl methacrylate-ctf- 
iY,jV-2-(dimethylaminoethyl)methacrylate]
Experiment Mass of 
MMA
Mass of 
DMAEMA
Mass
of
AIBN
Experimental Notes
Actual 
Yield after 
Purification
1
O.OOg 4.2 ml, 
3.92g, 24.9 
mmol
0.026g,
0.16
mmol
Homopolymerisation
79°C for 4 hours 
then left overnight to 
cool
1.67g
53.4%
2
2.6 ml,
2.44g,
24
mmol
4.2 ml, 
3.92g, 25 
mmol
0.049g,
0.30
mmol
70°C for 24 hours. 
(50:50)
5.09g
96.7%
3 3.2 ml,
3-01g,
30
mmol
3.4 ml, 
3.17g, 20 
mmol
0.049g,
0.30
mmol
70°C for 24 hours. 
(60:40)
5.50g
106.0%
4 3.8 ml,
3.57g,
36
mmol
2.5 ml, 
2.33g, 15 
mmol
0.048g,
0.29
mmol
70°C for 24 hours. 
(70:30)
6.1 Ig 
120.0%
5 4.3 ml,
4.04g,
40
mmol
1.6 ml, 
1.49g, 9.5 
mmol
0.049g,
0.30
mmol
70°C for 24 hours. 
(80:20)
5.46g
118.0%
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Table 2.6: Experimental results for the scaled up synthesis of po!y[methyl 
methacrylate-C0-iY,iV-2-(dimethylaminoethyl)methacrylate]
Experiment Mass
of
MMA
Mass of 
DMAEMA
Mass
of
AIBN
Monomer Ratio 
MMA:DMAEMA
Actual Yield 
after
Purification
6. JE8020 21.5
ml,
20.19g,
202
mmol
8 ml, 7.46g, 
48 mmol
0.25g,
1.49
mmol
(80:20) 26.60g
115.4%
7. JE7030 19 ml, 
17.8g, 
178.2 
mmol
12.5 ml, 
11.6g, 74.2 
mmol
0.25g,
1.49
mmol
(70:30) 29.8g,
119.1%
8. JE6040 16 ml, 
15.02g, 
150 
mmol
17 ml, 
15.86g, 
101 mmol
0.246g,
1.50
mmol
(60:40) 30.38g
118.1%
9. JE5050 14 ml, 
13.15g, 
131 
mmol
21ml, 
19.593g, 
125 mmol
0.245g,
1.49
mmol
(50:50) 27.50g
97.5%
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Table 2.7: Gel-permeation chromatography of copolymers of P[MMA- 
DMAEMA] in varying monomeric ratios
Sample
Number/
Name
Monomer 
Molar Ratio 
(MMA 
:DMAEMA)
Retention
Time
(min)
Area Mn
Daltons
Mw
Daltons
Polydispersity
1 0:100 14.73 100.0 5200 7500 1.45
2 50:50 13.72 100.0 13800 23400 1.69
3 60:40 14.25 100.0 8800 14700 1.67
4 70:30 13.50 100.0 15400 30600 1.99
5 80:20 13.55 100.0 14900 30200 2.03
6 JE8020 80:20 14.71 100.0 6900 10800 1.57
7 JE7030 70:30 13.08 100.0 17000 38500 2.26
8 JE6040 60:40 13.82 100.0 10200 21300 2.08
9 JE5050 50:50 13.83 100.0 12800 21100 1.64
Retention Time = Time duration in minutes where the sample is retained on the 
column.
Area = Calculated area under the peak.
Mn = Number average molecular weight of the polymer chain 
Mw = Weight average molecular weight of the polymer chain.
Polydispersity = Distribution of molecular weights (Mw/Mn)
The results from GPC (Table 2.7) show the successful synthesis of P[MMA- 
DMAEMA] by free radical initiation for all ratios of monomers. Only one peak was 
observable on each chart, indicative that no homopolymerisation of the monomers had 
occurred. The GPC data showed a random variation in the chain lengths of the 
polymers synthesised. Scaling up of the synthesis of the copolymers showed variances 
in the Mn and Mw. JE5050 and JE8020 both had lower Mn and Mw for the scaled up 
polymerisation reactions, than the original reactions. JE6040 and JE7030 had higher 
Mn and Mw’s for the scale up reactions. This was translated into changes in the 
polydispersity of the copolymers because polydispersity is the distribution of the 
molecular weights (Mw/Mn). JE8020 and JE5050 showed a decrease in polydispersity 
upon scale up compared to an increase in polydispersity for systems JE7030 and 
JE6040. The homopolymerisation reactions of DMAEMA showed a significant 
decrease in chain length and polydispersity compared to the copolymers. This was 
attributed to the reaction being 9°C higher than the copolymerisation reactions.
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Because of the low molecular weight of poly[N,N-dimethylaminoethyl methacrylate], 
PDMAEMA, the reaction temperature was reduced by 9°C to 70°C and the reaction 
time was extended to 24 hours in an aim to improve the homopolymerisation of the 
monomer. Since an increase in temperature leads to an increase in the rate of 
initiation, propagation and termination of a free-radical reaction and the relative 
molecular mass of the copolymer is inversely proportional to the reaction temperature, 
a decrease in the reaction temperature (in this case 9°C) would decrease the rate of 
reaction, lead to an overall increase in the chain length.
The yields of the polymers from experiments 3-9 were significantly greater in weight 
than the theoretical weight. The excess weight was attributed to solvent trapped within 
the polymer matrix, but no confirmation of this could be proven by *H NMR 
spectroscopy. It was theorised that during the drying process the solvent initially 
evaporated from the surface of the copolymer producing an outer crust of hardened 
shell. Evaporation of any remaining solvent was inhibited by the formed shell, 
effectively trapping any solvent molecules within, inhibiting the removal of the 
solvent from the copolymer. Ethanol may have become hydrogen bonded to the 
carbonyl groups on the copolymer, but this is unlikely to have happened, as the 
solvent was not observed by ]H NMR spectroscopy. To alleviate the problem, 
different methods of drying the samples were tried including:
• drying the samples overnight under vacuum (water pump) over phosphorus 
pentoxide;
• drying the samples in a vacuum oven at 40°C, under reduced pressure (oil pump) 
for a total of 10 hours;
• cutting the polymer into small pieces, followed by drying under vacuum (oil 
pump) for more than 30 hours.
The samples were dried until constant weight was achieved, but the actual weight still 
exceeded the theoretical weight. Higher temperatures were not used, to eliminate the 
possibility of initiating further polymerisation through the addition of polymer chains 
containing unsaturated chain ends leading to higher molecular weight polymers. The 
temperature selected was sufficiently high to remove the solvents used in the 
reactions, under reduced pressure (oil pump), but was kept low enough to prevent side 
reactions occurring e.g. Hofmann degradation (section 1.8.1).
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2.5.2 Salt formation between PfMMA-DMAEMA] in varying ratios and the M OEP.M A
rowomers
Several assumptions have been made during the synthesis of the salts (tables 2.8, 2.9 and 
2.10). The weighed mass of the copolymer was assumed to be 100% of the substance and the 
excess solvent trapped within was not taken into consideration. In reality, there was a 
significant percentage of solvent present. It was assumed that the trapped solvent was released 
at a later stage during formation of the salt when the copolymer was re-dissolved. 
Consequently, this would lead to an overall reduction in yield. The amount of acidic monomer 
required for the synthesis of the model system was determined stoichiometrically. Using the 
ratio of MMA to DMAEMA calculated by *H NMR spectroscopy (section 2.7.1), the 
percentage of DMAEMA within the copolymer was determined, and from this the number of 
moles of DMAEMA was deduced. Using a 1:1 stoichiometric ratio of DMAEMA to monomer, 
the require amount of acid was calculated. This calculation was based upon one molecule of the 
acidic monomer reacting with one amino side chain. However, it did not take into consideration 
amino side chains, which were unavailable for protonation from the steric hindrance of the 
amino functionality, either through the structural conformation of the polymer blocking or 
twisting of the side chain. Intramolecular electrostatic interactions could inhibit the acid-base 
reaction between the side chains and the acidic monomer, through cyclisation of the tertiary 
amino side chain, as highlighted in research by Pradny et al.34’35’36, which was discussed 
previously (section 1.7.1). If cyclisation of the amino side chain occurred within the 
copolymer under specific conditions, then this could inhibit the acid-base reaction with the 
acidic monomer as the side chain would not be available for protonation from the monomer or 
able to under go ionic bonding with the anionic monomer. Any excess of the anionic monomer 
or unreacted monomers should not cause any problems to the reaction, because the monomers 
should have been washed out into the hexane solvent when the salt was broken up using the 
Ultraturrax high speed stirrer. Any unreacted copolymer was not removed from the salt during 
the purification stage and this should not cause any problems at later stages of the research.
The acid-base synthesis of the three quaternary salts was a simple one step process, but some 
problems were encountered. It should be noted that the temperature of the water bath during 
the rotary evaporation of the salt was kept below 45°C. This was to ensure that side reactions 
did not occur initiated by a significant increase in temperature, e.g. polymerisation of the 
monomer or Hofmann degradation of the amino side chain.
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Table 2.8: Salt formation using methacryloyloxyethyl phosphate
Experiment P [MMA-DMAEMA] 
M olar Ratio
P[MMA-DMAEMA] 
Mass (g)
MOEP Mass 
(g)
Yield of 
Salt (%)
10
JEMOEP5050
50:50 2.00 1.96 l.OOg
25.2
11
JEMOEP6040
60:40 2.00 1.65 2 .02g
55.3
12
JEMOEP7030
70:30 2.00 1.26 1.47g
45.0
13
JEMOEP8020
80:20 2.00 0.871 0.90g
31.4
Table 2.9: Salt formation using methacrylic acid
Experimen
t
P[MMA-DMAEMA] 
M olar Ratio
P [MMA-DMAEMA] 
Mass (g)
MA Mass (g) Yield of 
Salt (%)
14
JEMA5050
50:50 1.99 0.81 0.87g
31.1
15
JEMA6040
60:40 1.99 0.60 1.57g
60.6
16
JEMA7030
70:30 2.00 0.52 1.47g
58.0
17
JEMA8020
80:20 2.00 0.36 1.34g
56.8
Table 2.10: Salt formation using vinylphosphonic acid
Experiment P [MMA-DMAEMA] 
Molar Ratio
P [MMA-DMAEMA] 
Mass (g)
VPA 
Mass (g)
Yield of 
Salt (%)
18
JEVPA5050
50:50 2.00 1.01 1.59g
53.0
19
JEVPA6040
60:40 2.00 0.86 1.91g
66.7
20
JEVPA7030
70:30 2.00 0.65 1.61g
60.6
21 80:20 2.00 0.45 1.81g
JEVPA8020 73.9
The solubility of the individual monomers and copolymers during the purification stage was 
problematic. The monomers were liquids, which were soluble with all solvents, and the 
copolymers and salts were either soluble or insoluble in the same solvents. The MOEP salt was 
the exception. The MOEP salt readily dissolved in water, while the unreacted MOEP monomer 
and the copolymer precipitated out of solution. This technique was used to purify the MOEP 
quaternary salts as described previously (section 2 .2 .1).
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This technique could not be applied to the salts containing MA and VPA because both 
monomers were clear liquids that were soluble with water. A solvent, which could dissolve 
both the copolymer and the monomer, but not the quaternary salts could not be found. Instead 
an alternative method was used. The monomers were soluble in hexane, a non-polar solvent, 
while the copolymer, MA and VPA salts would not dissolve in hexane. A high shear-stirrer 
(Ultraturrax) was used to break down the salt and copolymer into smaller particles, using the 
lowest speed possible to reduce the possibility of bonds being sheared. Theoretically, any 
unreacted monomer trapped inside the polymer matrix would be released and would dissolve in 
the hexane. This solved two problems:
• the removal of any unreacted monomers;
• the preparation of the samples for characterisation was made significantly easier 
because the salt was broken down into fine particles that were easier to handle.
Any unreacted copolymer was not removed from the salt using this technique.
The consistency of the salt varied with the nature of the acidic monomer and the chosen 
copolymer. The higher the ratio of MMA within the copolymer, the more brittle and less sticky 
was the salt. The stickiness of the salt also varied with the monomer used. Salts using MOEP 
dropped out of solution when rotary evaporated, while salts containing VPA when dried 
thoroughly produced a very hard salt, which adhered to the glass flask. Salts containing MA 
had the consistency of a very viscous liquid after rotary evaporation, which only solidify after 
removal of any excess solvent by drying under vacuum (water pump) over phosphorus 
pentoxide.
The yields of the salts vary from 25% to 74%. Theoretically, the yield should be quantitative, 
but owing to the assumptions made about the weight of the copolymer and the problems of the 
quaternary salts adhering to the glass flask, a quantitative yield was not feasible. The deviation 
from the final quantitative yield of each salt increased with the increase in the percentage of 
trapped solvent present within the copolymer used to make the salt. A deviation of the 
quantitative yield was also observed as the amount of amino sites available for protonation 
within the copolymer chain changed. The higher the percentage of sterically hindered amino 
sites, the lower the possibility of hydrogen from the acidic monomer being able to protonate the 
amino side chain, followed by the formation of electrostatic bonds between the quaternary 
copolymer and the anionic monomer. Hence, a lower yield of the quaternary salt was produced.
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2,6 Characterisation Qf the anfl
2.6.1 *H NMR Analysis of Cooolvmers
Spectrum 2.1s1H NMR Spectrum of P[MMA-DMAEMA] (50:50)
CO
N —
OPPM
C F B AE D
Spectrum 2.1: *H NMR spectrum in CDCI3 : 5 0.86 (CH3 , mrrr, syndiotactic), 0.876 (CH3 , rrrr, 
syndiotactic), 1.03 (CH3 , rmrm, heterotactic), 1.27 (CH3 , mmmm, isotactic), 1.43 (CH2), 1.82 
(CH2, mmmm, isotactic), 1.91 (CH2, rmrm, heterotactic), 2.28 ((CH3)2, A), 2.56 (CH2, B), 3.56 
(CH3, F), 4.01 (CH2, C), 7.27 (CDC13).
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Table 2.11: Comparison of 1H NMR spectral shifts of P [MMA-DMAEMA] copolymers
c h 3
Tacticity
Peaks
c h 2
Tacticity
Peaks
(CH3)2 
Peak A
c h 2,
Peak
B
c h 3,
Peak
F
c h 2,
Peak
C
CHC13
Solvent
peak
P [MMA-
DMAEMA]
(50:50)
8
0.86  
(mrrrm)98 
syndiotactic, 
0.88 (rrrr)98 
syndiotactic, 
1.03 
(heterotactic) 
, 1.27, 
isotactic
1.82 isotactic, 
1.91 
heterotactic
2.29 2.56 3.56 4.07 7.27
P [MMA- 
DMAEMA] 
(60:40) 8
0.86  
(mrrm)98 
syndiotactic, 
0.88 (rrrrr)98 
syndiotactic, 
1.03, 
heterotactic, 
1.27 isotactic
1.82
syndiotactic,
1.91
heterotactic,
2.29 2.57 3.60 4.07 7.27
P[MMA- 
DMAEMA] 
(70:30) 8
0.85 
(mrrm)98, 
0.875 
(mrrr)98, 
0 .88(rrrr)98 
syndiotactic, 
1.03 
heterotactic, 
1.26 isotactic
1.82
syndiotactic,
1.90
heterotactic
2.29 2.56 3.60 4.07 7.27
P[MMA- 
DMAEMA] 
(80:20) 8
0.85 
(mrrm)98, 
0.87 (mrrr)98, 
0.88  (rrrr)98 
syndiotactic, 
1.03 
heterotactic, 
1.26 isotactic
1.81
syndiotactic,
1.87
heterotactic
2.29 2.59 3.59 4.06 7.26
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Verification of the structures of the copolymers (Spectrum 2.1, Table 2.11) and salts (Tables 
2.15, 2.17 and 2.18) was achieved using !H NMR spectroscopic techniques. The ratio of the 
two monomers present within the polymer matrix was determined from the spectra by 
comparison of the N-(CH3)2 peak of the DMAEMA side chain, and CH3O peaks from the 
MMA side chain. The ratio of the reacted MMA monomer to DMAEMA monomer was 
calculated by comparison of the peak height of peaks A and F (Spectrum 2.2) where Peak A 
represented two identical sets of methyl protons attached to the nitrogen atom; the equivalent 
of 6 protons. Peak F represented the methyl protons of the methyl ester; the equivalent of 3 
protons. The integral measurements indicated that the (50:50), (60:40), (70:30), (80:20) 
copolymers had ratios near to the target ratios (Table 2.12). The polymers have been 
systematically named according to the ‘ideal’ monomeric ratio, the theoretically calculated 
ratio, and not the actual calculated ratio, e.g. JE5050 is actually P[MMA-DMAEMA] 
(52.6:47.4) (Table 2.12).
The spectra for the copolymers showed clear methyl tacticity peaks at 5 0.86 - 1.27, and 
methylene peaks at 8 1.82-1.91, confirmation of polymerisation. The singlet peak at 5 2.29 
was indicative of the presence of the DMAEMA monomer and this peak was used to calculate 
the ratio of DMAEMA present within the copolymer. No peaks shifts were observed due to 
changes in monomer quantities, only changes in the height of peaks A and F.
The lK  NMR spectra clearly indicated the structure of the copolymer. Characteristic peaks 
include:
• 82.3 indicating the N-(CH3)2 protons;
• 82.5 and 84.1 indicating the CH2 protons on the DMAEMA side chain;
• 83.6 indicating the presence of the MMA, methyl ester side chain;
• 80.9-1.3 (CH3) and 81.7-2.1 (CH2) indicative of tacticity peaks;
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Table 2.12: Theoretical and actual monomer ratios calculated from 1H NMR spectra of 
P[MMA-DMAEMA] copolymer with varying monomer ratios
Copolymer Theoretical Monomer Ratio Actual Monomer 
Ratio
JE8020 80:20 76.2:23.8
JE7030 70:30 73.7:26.3
JE6040 60:40 61.4:38.6
JE5050 50:50 52.6:47.4
Two sets of tacticity peaks (CH3 and CH2) were seen on the NMR spectra, showing 
syndiotactic, atactic and isotactic peaks. The distribution of the peaks indicates that the 
‘random’ copolymer actually contains areas of block copolymer (isotactic) and random 
(alternating) copolymer (atactic) or areas of alternate monomers in the copolymer 
(syndiotactic). From the results determined by NMR spectroscopy (Table 2.13), 
syndiotactic peaks predominate for both CH3 and CH2 tacticity peaks highlighting that the 
four copolymers are mainly chains containing alternating MMA and DMAEMA 
monomers. The values for the CH2 tacticity peaks are lower than those of the CH3 peaks 
but this may be attributed to the fact that the CH2 group links the two monomer units 
forming the copolymer backbone compared to the CH3 moiety, which is actually a 
functional group of the monomer and is branched off the copolymer backbone.
Table 2.13: CH3 and CH2 tacticity peaks for the four copolymers of P[MMA-DMAEMA]
Polymer CH3 tacticity peaks (%) CH2 tacticity peaks (%)
JE8020 55 (s) : 27 (a ) : 18 (i) 42 (s) : 30 (a ) : 28 (i)
JE7030 56 (s) : 29 (a ) : 15 (i) 51 (s ) : 32 (a ) : 17 (i)
JE6040 54 (s) : 30 (s) : 16 (i) 49 (s) : 33 (a ) : 18 (i)
JE5050 54 (s) : 30 (a ) : 16 (i) 48 (s) : 32 (a ) : 20 (i)
Where (s) = syndiotactic, rrrr; (a) = atactic, rmrm; (i) = mmmm.
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Spectrum 2.2: Comparison of *H NMR spectra of P[MMA-DMAEMA] in varying ratios
JE8020l-LCOOC CO
JE7030
JE6040
JE5050
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2,6.2 *H NMR Analysis of the Salt P1MMA-DM AEMA1+fMAI
Spectrum 2.3: *H NMR Spectrum of P[MMA-DMAEMA]+[MA]‘(50:50) in CDCI3
H-COOC
—N—  
/  0 ~ '
H ,C
P P M
CHCI3 2 3 2 H20 B A 1+E
Spectrum 2.3: ‘HNMR in CDCI3 : 50.86(CH3, mrrr, syndiotactic), 1.03 (CH3 , rmrm, 
hetrotatic), 1.25 (CH3, mmmm, isotatic), 1.43, 51.82 (CH2, mmmm, isotactic), 1.95 (CH2, 
mmrm, heterotactic, MA CH2 overlap 3), 2.42 ((CH3)2, A), 2.46 (CH2, B), 3.59 (CH3 , F), 4.15 
(CH2, C), 5.41 (H20  present in CDC13) 5.53(MA CH2 2), 5.79 (N-H+ 3), 6.09(MA CH2) 7.27 
(CDCI3 )
Table 2.14: CH3 and CH2 tacticity peaks for the four copolymers of P[MMA- 
DMAEMA]+[MA]
Polymer CH3 tacticity peaks (%) CH2 tacticity peaks (%)
JEMA8020 42 (s ) : 30 (a ) : 28 (i) Obscured by MA CH3 peak
JEMA7030 53 (s ) : 39 (a ) : 9 (i) Obscured by MA CH3 peak
JEMA6040 44 (s ) : 33 ( s ) : 23 (i) Obscured by MA CH3 peak
JEMA5050 41 (s ) : 31 (a): 28 (i) Obscured by MA CH3 peak
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2.6.3 *H NMR Analysis of the Salt PfMMA-PMAEMA1+fVPAT (50:50)
Spectrum 2.4: *H NMR spectrum of the salt P[MMA-DMAEMA]+[VP A]' (50:50) 
in CD3OD
HXOOC CO
Mfoi A a .  a U A  , l
OPP
C FB3A
Spectrum 2.4: ]HNMR in CD3OD: 50.92 (CH3 rrrr, syndiotactic), 1.09 (CH3 rmrm, heterotactic), 
1.91 (CH2, rmrm, heterotactic), 2.94 ((CH3)2, A), 3.31 (N-H+, 3), 3.46 (CH2 B), 3.63 (CH3, F), 4.39 
(CH2, C), 4.88(CH3OH), 5.93 ( H, VPA 1), 6.04-6.25 (Multiplet CH2 2).
Table 2.16: CH3 and CH2 tacticity peaks for the four copolymers of P[MMA- 
DMAEMA]+[VPA]
Polymer CH3 tacticity peaks (%) CH2 tacticity peaks (%)
JEVPA8020 48 (s ) : 40 (a ) : 12 (i) Peaks obscured
JEVPA7030 48 (s ) : 37 (a ) : 15 (i) Peaks obscured
JEVPA6040 46 (s ) : 39 (s ) : 15 (i) Peaks obscured
JEVPA5050 Peaks obscured Peaks obscured
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2.6.4 *H NMR analysis nf the salt PIMMA-DMAF.MAl*(MOF.Pl~ 
Spectrum 2.5: 'H  NMR spectrum of P[MMA-DMAEMA]+[MOEP]'
3 £  J J J
H - N —
0 0 C
J  U
0 PPM
C 4/F 3/B A 1/E D
Spectrum 2.5: ]HNMR in D2 O: 50.90 (CH3j syndiotactic, rrrr, D), 1.95 (CH2 , heterotactic, 
E, CH3 1), 3.00 ((CH3 ) 2 A), 3.56 (CH2 4), 3.69 (CH2 B), 4.14 (CH3 F, CH2 3), 4.38 (CH2 C), 
4.78 (H2 0), 55.75 (CH2 2), 6.19(CH2 2).
Analysis of the tacticity peaks was not possible for the MOEP salts due to the resolution of 
the *H NMR peaks not being clear enough to define the individual syndiotactic, atactic and 
isotactic peaks.
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Chapter 2: Synthesis and Characterisation of Responsive Side Group Polymers
The ]H NMR spectra of the MA salts (Spectrum 2.3, Table 2.15) show clearly the 
copolymer chain and the MA monomer. Proof of salt formation was observed by the 
presence of a broad N-H* peak, which drifted up or down field depending on the acid 
monomer concentration present in the salt. A general trend of an increasing up-field 
shift was observed for the N-H* peak with a decrease in MA and molar ratio of 
DMAEMA. Broad N-H* peaks were observed for JEMA5050 at 55.79, JEMA7030 at 
54.69 and JEMA8020 at 54.14. The N-H* shift was caused by an decrease in the 
deshielding of the amino side chain as the degree of protonation by the acid monomer 
decreased due to the decrease in DMAEMA within the copolymer. JEMA6040 was 
the exception to the trend where a shift down field of 50.86 to 56.65 was observed. 
The increase in deshielding of the protonated amino group, causing in the down-field 
shift, may be attributed to an increase in the electrostatic interaction of the 
methacrylic acid with the protonated amine moiety for the JE6040 copolymer. This 
would result in the withdrawal of the electron cloud of the protonated group towards 
the methacrylic acid would result in the deshielding observed. This result may 
indicate that the degree of salt formation between the copolymer and the acid is 
dependent on the ratio of DMAEMA present within the copolymers and it appears the 
strongest for copolymers which contain 60% DMAEMA. The disappearance of the 
hydroxyl peak observed in the pure monomer spectrum reconfirmed the protonation 
of the amine group.
Analysis of the CH3 tacticity peaks for the MA quaternary salts (Table 2.14) showed 
that the syndiotactic conformation predominated in all cases. The ratio of the 
syndiotactic to atactic to isotactic peaks varied from salt to salt and no trends were 
observed due to the change in the copolymer or the copolymers ratios of composition 
monomer. When the results for the MA salts were compared to those of the non- 
quatemised copolymer (Table 2.13), it was observed that although the syndiotactic 
conformation still predominated, the ratio of the syndiotactic conformation had 
decreased by 11 - 13 % for JEMA5050, JEMA6040 and JEMA8020, while the ratio 
of the isotactic conformation had increased by nearly the same amount. Very little 
difference was observed between the tacticity ratios for JEMA7030 and JE7030. This 
meant that the acid-base formation of the JEMA7030 salt may not have been as 
successful compared to the formation of the other MA salts, as no conformational
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changes (changes in tacticity) have been observed using ]H NMR spectroscopy. The 
CH2 tacticity peaks for the MA salts could not be analysed due to the overlapping of 
the MA CH3 peak.
The NMR spectra for the VPA salts (Spectrum 2.4, Table 2.17) showed proof of the 
N-H+ peak, via the formation of the broad N-(CH3)2 H* peak and the loss of the 
hydroxyl peak from the VPA monomer. Unlike the MA quaternary salts, the shift of 
the N-rf" peak for the VPA quaternary salts did not vary as the percentage of 
DMAEMA decreased. This was a good indication that the degree of interaction of the 
acidic monomer and the quaternary copolymer remained relatively constant as the 
DMAEMA content decreased. From this it can be concluded that the acid-base 
interactions of the VPA quaternary salts were independent of the monomer ratio of the 
copolymer backbone.
The CH3 tacticity peaks ratios for the VPA salts (Table 2.16) showed that the salt 
consisted of predominately the syndiotactic conformation, mirroring the results of the 
MA salts. Analysis of the tacticity peaks of the CH2 moiety was not possible due to 
over lapping peaks from the VPA monomer. Comparison of the VPA salt results to 
the copolymers tacticity ratios showed that the order of the tacticity peaks did not alter 
and the syndiotactic peaks predominated. However compared to the MA salts, the 
conformation of the VPA salt did not change as dramatically from the original 
copolymer tacticity ratios. A decrease in the syndiotactic conformation of 5 -  8 % was 
observed.
The !H NMR spectra of the MOEP quaternary salts (Spectrum 2.5, Table 2.18) did 
not conclusively show a broad peak that could be attributed to N-H+. The MOEP salt 
would only dissolve in H2O or D20. Unfortunately, D2O and water are known to 
dissociate salts", (Section 3.8) where the breakdown is caused by the affinity of the 
highly polar water molecule to the quaternary salt, causing the loss of hydrogen or 
dissociation of the ionic bonds, which form the salt. To prove conclusively whether 
the acid-base interactions of the three types of quaternary salts are dependent or 
independent of the monomer ratios, further analysis must be undertaken through 
electrochemical titrations. Determination of the CH3 and CH2 tacticity peaks for the 
MOEP salts was not possible due to the resolution of the peaks by ]H NMR not being 
suitably adequate._________________________________________________________
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2.6.5 Comparison of FTIR Analvsies of the Monomers. Copolvmers and Salts 
Figure 2.5: Comparison of FTIR spectra for the copolymers of P[MMA-DMAEMA] 
in varying ratios
80---
- 20 —*- P[MMA-DMAEMA] (50:50)
 P[MMA-DMAEMA] (60:40
P[MMA-DMAEMA] (70:30) 
 P[MMA-DMAEMAJ (80:20)
40029003900 2400 1900
Wavenumbers cm'
1400 9003400
Figure 2.6: Comparison of FTIR spectra of the quaternary salts containing 
P[MMA-DMAEMA] (50:50)
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The FTIR spectra (Figure 2.5, Tables 2.19 and 2.20) for the four copolymers were 
identical, with absorption bands67,100,101,102,103 for each individual copolymer 
occurring at the same wavelength. An absorption band occurred at 3418 to 3419 cm'1, 
indicative of a vibration of an O-H stretch. Since the copolymers do not contain 
hydroxyl groups, the peak could be present for several reasons:
• the copolymers may react or interact with atmospheric water via hydrogen 
bonding interactions through hydrophilic sites;
• the O-H peaks may indicate the presence of ethanol used in the copolymer 
synthesis reaction, although this should have been removed during the 
precipitation stage;
The absorption bands at 1731-32 cm'1 indicated the presence of a C=0 carbonyl 
stretch from an ester moiety. Other important absorption bands were observed for 
both the copolymers and the quaternary salts (Figure 2.6, Tables 2.21 and 2.22) and 
they occurred at:
• 1635 to 1639 cm'1 - out of plane C-H stretch;
• 1558 cm'1 -  N-H+ stretch indicative of protonation of the amino moiety;
• 1389 cm'1 -  C-H stretch for a methyl group observable for all compounds 
containing the copolymer attributed to MMA, which was not observed in the 
spectra for the individual acidic monomers;
• 1376 cm"1 -  methyl stretch for the MA and MOEP monomers;
• 1175 cm'1 -  PO4' stretch for the MOEP monomer;
A trend of decreasing wavenumbers from JE5050 to JE8020 was observed for the 
methyl C-H stretch, 2953-2958 cm"1, for both the MOEP and VPA salts. This was not 
observed for the copolymers or the MA salt.
The spectra of the VPA salts showed an absorption at 2685-2664 cm'1, which was not 
observed for any other salt, copolymer or monomer. It was observed that the 
absorption decreased in wavenumbers from 2685 cm'1 (50:50) to 2664 cm'1 (80:20). 
The carbonyl absorption of the COOR group, 1731-3cm'1 was observed for all
91
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samples. This absorption shifted by 4-5 cm'1 from 1731 to 1727 cm'1 for the MOEP 
salts, (50:50), (60:40).
The absorption at 1558 cm'1 was only observable for the three types of salts and was 
not seen on the spectra for the monomers or copolymers. This band is the result of the 
protonation of the nitrogen atom, N-H+, and gives evidence that salt formation has 
occurred104. Conductivity experiments on the compounds would offer further proof of 
the salt formation. The technique could be used to determine the conductivity of the 
sample by measuring the resistance of current through an electrolyte solution of a 
known volume and concentration at a constant temperature105.
The C-N tertiary bend at 1366 cm'1 (1310-1360 cm'1) was observable in the 
copolymer spectra, but disappeared in the spectra of the salts. The absorption at 1222 
cm'1 for the MA monomer also disappears.
A slight shift of the absorption of the syndiotactic CH3, C-H symmetrical bend of the 
methyl group downwards, from 1388 - 9 cm'1 to 1386 - 85 cm'1, was observed for the 
MOEP quaternary salts when compared to the copolymer. The absorption at 1176 
cm'1, PO* of MOEP, was observed for both the MOEP monomer and salts. The 
absorption, due to the P-O-C vibration (1075 cm'1)17, for the MOEP salts varied from 
1071 - 75 cm'1 depending on the nature of the copolymer used to form the salt. This 
absorption was not observed for the VPA and MA quaternary salts. However, the 
absorption at 1061-1063 cm'1 was attributed to the C-O-C bend of the VPA and MA 
quaternary salts. The MOEP salts collectively show an individual absorption at 1299 
cm'1, which is the P=0 bonds (non-hydrogen bonded, 1295 cm'1)17. The FTIR 
spectrum for P[MMA-DMAEMA]+[MOEP]' (70:30) has two unique peaks at 1843 
cm'1 and 1778 cm'1, which are not observable for the other MOEP salts. The peaks are 
indicative of hydrogen bonding interactions, either P=0" HO-P, P=0 HO-C, 
C=0 HO-P or C=0 HO-C, similar to the peaks observed by Tretinnikov et al.n 
The vibration at 749-750 cm'1 was due to the methyl group and skeletal8 polymer. The 
copolymer spectra also showed absorptions at 1042 cm'1 and 1017 cm'1, which do not 
appear on the spectra of any of the salts. The P-O-H absorption, 967 cm'1, of the 
phosphate compounds is masked by the CH3-0  absorption from the copolymer, at 989
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2.6.6 Elemental Analysis (CHN1 of the Copolymers and Quaternary Salts 
Table 2.23:Theoretical and experimental results for the analysis of C, H and N in
the copolymers and MOEP quaternary salts
1 Calculated 
values/ 
monomer 
ratio 
MMA:
I DMAEMA
Theoretical CHN calculations Actual CHN results
C H N O P CHN
results
C H N Other
JE5050
52.6:47.4
1 60.65 8.97 5.22 25.16 60.61 9.62 4.83 24.94
2 60.65 8.97 5.22 25.16 60.63 9.60 4.91 24.86
JE6040
61.4:38.6
1 60.55 8.83 4.43 26.2 61.32 9.65 4.29 24.74
2 _ j 60.55 8.83 4.43 26.2 61.28 9.65 4.20 24.87
JE7030
73.7:26.3
1 60.39 8.62 3.20 27.8 61.11 9.35 3.12 26.42
2 60.39 8.62 3.20 27.8 60.71 9.28 3.15 26.86
JE8020
76.2:23.8
1 60.35 8.57 2.93 28.14 60.92 9.46 3.06 26.56
2 60.35 8.57 2.93 28.14 61.00 9.46 3.06 26.45
JEMOEP5050
52.6:47.4.3
1 49.08 7.35 2.96 34.16 6.47 44.77 7.22 2.45 45.56
2 49.08 7.35 2.96 34.16 6.47 44.67 7.23 2.46 45.64
JEMOEP6040
61.4:38.6
1 50.07 7.41 2.66 33.97 5.88 45.30 7.18 2.27 45.25
2 50.07 7.41 2.66 33.97 5.88 45.99 7.22 2.45 44.34
JEMOEP7030
73.7:26.3:
1 51.93 7.53 2.16 33.60 4.78 47.61 7.45 1.91 43.03
2 51.93 7.53 2.16 33.60 4.78 47.66 7.42 1.90 43.02
JEMOEP8020
76.2:23.8
1 52.40 7.56 2.04 33.5 4.50 48.17 7.39 2.04 42.04
2 52.40 7.56 2.04 33.5 4.50 48.01 7.32 2.01 42.66
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Table 2.24: Theoretical and experimental results for the analysis of C, H and N 
in the MA and VPA quaternary salts
1 Calculated 
values/ 
monomer 
ratio 
MMA: 
DMAEMA
C H N O P Actual
CHN
results
C H N Other
JEMA5050
56.2:47.4.3
1 59.47 8.50 3.95 28.76 58.11 8.63 3.73 29.53
2 59.47 8.50 3.95 28.76 58.06 8.64 3.61 29.69
JEMA6040
61.4:38.6
1 59.53 8.44 3.48 28.54 58.66 8.80 3.44 29.1
2 59.53 8.44 3.48 28.54 58.70 8 .8 6 3.44 29.0
JEMA7030
73.7:26.3
1 59.64 8.35 2 .6 8 29.33 58.90 8.63 2.49 29.98
2 59.64 8.35 2 .6 8 29.33 58.94 8.63 2.46 29.97
JEMA8020
1 59.66 8.33 2.48 29.52 58.46 8.57 2.64 30.33
2 59.66 8.33 2.48 29.52 58.51 8.59 2.63 30.27
JEVPA5050
1 49.62 7.75 3.72 30.73 8.23 46.18 7.77 2.99 43.06
2 49.62 7.75 3.72 30.73 8.23 46.12 7.75 3.02 43.11
JEVPA6040
1 50.8 7.77 3.3 30.84 7.3 47.66 7.89 2.75 41.7
2 50.8 7.77 3.3 30.84 7.3 47.63 7.84 2.77 41.76
JEVPA7030
1 52.84 7.83 2.57 31.09 5.68 49.32 7.84 1.41 41.43
2 52.84 7.83 2.57 31.09 5.68 49.47 7.81 1.38 41.34
JEVPA8020
1 53.33 7.85 2.39 31.15 5.29 51.56 8.16 2.44 37.84
2 53.33 7.85 2.39 31.15 5.29 51.51 8 .1 2 2.35 38.02
A fair correlation was observed for the copolymers (Table 2.23) between the 
theoretical CHN values and the actual experimental results with less than 1% error. 
The experimental results for the DMAEMA content mirrored the decrease in the 
calculated values of the copolymers. This reflects the accuracy of the determination of 
the DMAEMA content within the copolymers by *H NMR spectroscopy and also 
confirms that no loss of the amino side chain has occurred through Hofmann 
degradation (section 1.8 .1).
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The elemental analysis results for the MOEP quaternary salts (Table 2.23) differed 
significantly from the calculated results by nearly 5% for carbon. However, the results 
for hydrogen and nitrogen mirror the theoretical results. This could be due to water 
becoming bound via hydrogen bonding to the salt during the purification step or 
possibly from absorption from the atmosphere. The MOEP monomer was not 
distilled before use so some impurities or by-products may be present. However, any 
impurities were not observed by *H NMR. It is feasible that some residual mono or 
diphosphates were present in the MOEP raw material, used to form the quatemaiy 
salts, which would not be observable by 2H NMR spectroscopy.
The CHN results for the MA quaternary salts (Table 2.24) showed a fair correlation 
between the theoretical and experimental results. A deviation of less than 1% was 
observed for all elements. The results for VPA quatemaiy salts (Table 2.24) deviated 
by up to 3% for carbon, but again, like the MOEP quaternary salts, the hydrogen and 
nitrogen results deviated by less than 1%, indicating no significant loss of the amino 
side chain. The VPA monomer was not purified as it had a purity of greater than 
97%.
These results could indicate that methaciylic acid monomers form quaternary salts 
with the P[MMA-DMAEMA] copolymer more readily than monomers containing 
phosphorus. Variations between the results for the MOEP and VPA quaternary salts 
may be due to the chemical variations in the phosphorus moieties. The differences 
between the mono-hydroxy-phosphonic acid (VPA) and dihydroxyphosphates 
(MOEP) resulted in an increased deviation from the theoretical results as the number 
of hydroxy groups increased. The hydroxy moieties are reactive hydrophilic sites, 
which could undergoing hydrogen bonding interactions with polar protic molecules 
e.g. water.
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2.7 Thermal Analysis of the Copolymers and Salts 
3 J  J  MftAwlateOlitEBmtiftl S ca n w g  .Catoraroela
Modulated Differential Scanning Calorimetry, MDSC, was performed on the 
copolymers and the salts, using a ramp rate of 3 Kmin'1, from 30°C to 220°C, under a 
nitrogen atmosphere. The samples were analysed in unsealed aluminium pans to 
prevent a possible build up of vapours from the evaporation of the monomers. This 
would cause sealed pans to rupture.
Determination of the glass transition temperature, Tg, for the copolymers was possible 
(Figure 2.7). The trace of the reverse heat flow did not show a clear drop in 
endotherm for the copolymers, but instead a flat decreasing line was observed for 
some copolymers. This did not contain any characteristic drop in heat flow cause by 
the change from a glassy to a rubbeiy state. This became even more evident for the 
quaternary salts. The release of the monomer from the individual salts caused the Tg 
of the copolymer to become masked. Therefore, only tentative assignments could be 
made. The masking of the glass transition temperature by the quatemised copolymer 
systems has been documented by Zhou et a l106. They observed that the glass 
transition temperature of the polyvinylphosphonic acid, PVPA, and polyvinylpyridine, 
PVP, complex was suppressed by the electrostatic interactions between the two 
molecules. Tentative Tg determinations for each of the synthesised quatemaiy salts for 
the model systems have been assigned (Table 2.).
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Figure 2.7: MDSC thermogram of P[MMA-DMAEMA] (50:50), JE5050
Temperature °C
—  Heat Flow
—  Reverse Heat Flow
—  Non Reverse Heat Flow
Figure 2.8:MDSC thermogram of P[MMA-DMAEMA]+[MOEP]' (50:50), 
JEMOEP5050
Temperature °C
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Figure 2.9: MDSC thermogram of P[MMA-DMAEMA]+[MA]‘ (50:50), 
JEMA5050
—  Heat Flow
—  Reverse Heat Flow
—  Nonreverse Heat Flow
-1.3
Temperature °C
Figure 2.10: MDSC thermogram of P[MMA-DMAEMA)+[VPA]‘ (50:50), 
JEVPA5050
Tem perature °C
0.8
 H eat Flow
 Reverse H eat Flow
 Non Reverse Heat Flow
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Table 2.25: MDSC Tg assignments for the copolymers and salts
Sample Sample Weight 
(mg)
Tg (°C)
JE5050 8.350 146
JE6040 9.670 111
JE7030 8.440 89
JE8020 9.964 84
JEMA5050 8.912 107
JEMA6040 10.722 95
JEMA7030 9.769 55
JEMA8020 10.065 64
JEVPA5050 9.984 55
JEVPA6040 10.491 58
JEVPA7030 7.998 82
162
JEVPA8020 9.564 94
JEMOEP5050 2.694 72
JEMOEP6040 4.553 65
103
JEMOEP7030 2.664 82
JEMOEP8020 1.847 75
The copolymers (Table 2.25) showed a clear decrease in Tg as the percentage of 
MMA increases within the system. The Tg for JE7030 (89°C) and JE8020 (84°C) 
were very similar, but this was attributed to the two samples differing in MMA 
content by only 2.5 percent. Residual solvent trapped within the copolymers may 
contribute to a lowering of the Tg.
The Tg for the quaternary salts (Table 2.25) was masked by the ionic interactions 
between the monomer and the quatemised copolymer. Therefore, the Tg results were 
tentative. However, it was still possible to conclude that a change of state was 
occurring. For example, in Figure 2.9, a sharp increase in enthalpy was observed for 
both the heat flow and the non reversible heat flow, indicating of a change in state of 
the sample. This was observable in the MDSC traces for all the quaternary salts.
The MA quaternary salts also showed a clear decrease in Tg as the MMA content 
increased. The actual Tg values of the MA salts were lower than that of the copolymer 
system due to the presence of the ionically bonded methacrylic acid monomer.
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The quaternary salts containing phosphorus, the VPA and MOEP monomers, 
followed a different trend. The Tg of the system increased with an increase in MMA 
and a decrease in anionic monomer. This indicated that the amount of VPA or MOEP 
monomers in the salt system was directly related to the reduction in the Tg of the 
model systems.
2.7.3 Thermogravimetric Analysis
Thermogravimetic analysis was used to:
• characterise the copolymers and quaternary salts;
• assess the thermal oxidative stability of the samples;
• determine whether the samples contained any residual solvents, observable as 
a drop in sample weight at or near the boiling point of the solvent present 
(b.p.: ethanol 78°C, dichloromethane 39.8-40°C and petroleum ether (60- 
80°C)); through a gradual decrease of the plot rather than a sharp, sudden 
drop.
Figure 2.11: Thermogravimetric degradation curve of P[MMA-DMAEMA], 
varying ratios.
JE5050
JE6040
JE7030
JE8020
Temperature °C
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Table 2.26: Percentage weight loss from P[MMA-DMAEMA] samples during 
heating under a nitrogen atmosphere
Sample % Weight 
Loss 
Solvent 
Transition 
45°C to 
98°C
% Excess 
theoretical 
weight
% Weight 
Loss 
1st 
Transition 
103-186°C to 
298-313°C
%
DMAEMA
(calc.)
% Weight 
Loss 
2nd 
Transition 
298-313°C-to 
450-460°C
%
MMA
(calc.)
JE5050 3.4 0 32.1 47.4 59.0 52.6
JE6040 3.1 18.1 38.9 38.6 63.0 61.4
JE7030 11.4 19.1 19.4 26.3 67.6 73.7
JE8020 4.5 15.4 22.9 23.8 69.7 76.2
calc. = calculated
The initial degradation of P[MMA-DMEMA] observed (Figure 2.11, Table 2.26) 
was thought to be the release of solvent trapped within the copolymer. Firstly, this 
indicated that there was trapped solvent present, even when it was not observable by 
NMR spectroscopy. Secondly, the high yields observed from the synthesis of the 
copolymers, was due to the presence of solvents. The weight loss in the first full 
transition observed was lower than the DMAEMA content for JE5050 and JE7030. 
This was conceivably due to cleavage of the C-0 linkage, leading to loss of the N,N- 
2-(dimethylamino)ethyl side chain and formation of a alkyl polymeric chain 
containing CH=CH moieties along the backbone of the copolymer. The weight loss 
of the second transition seemed to occur through the cleavage of the DMAEMA side 
chains and some of the MMA chains, leaving the copolymer backbone to degrade 
during the latter transition, by unzipping, as suggested by Manring et a l40, for the 
degradation of PMMA. This hypothysis would have to be confirmed by TG -  FTIR 
analysis.
The second weight loss transition (Table 2.26) was higher than the content of MMA 
within the copolymer for JE6040 and JE7030, possibly due to the unzipping of the 
copolymer, resulting in reformation of the MMA monomer and formation of ethylene 
monomers after cleavage of the dimethylammonium side chain. The degradation of 
methacrylate compounds, based upon PMMA, has been documented and researched 
by Kashiwagi et al.39, Manring et al.40,41,42 and summarised by Wilkie et a l38 (section 
1.8) with some of the suggested by-products produced from the degradation of 
PMMA including C 02, CO, -OCH3, CH4, and H20.
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Figure 2.12: Thermal Gravimetric Degradation Curve of PfMMA-
DMAEMA]+[MOEP]' of varying ratios
JEMOEP 5050 
JEMOEP6040 
JEMOEP7030 
JEMOEP8020
0 200 400 600 800 1000 1200
Temperature °C
Table 2.27: Percentage weight loss of P[MMA-DMAEMA]+[MOEP]' samples
during each transition
Sample % Weight 
Loss 
Solvent 
Transition 
64-79°C to 
123-131°C
% Weight 
Loss
1st
Transition 
213-220°C 
to 350- 
357°C
%
MOEP
(calc.)
% Weight 
Loss 
2nd 
Transition 
350-357° to 
°C 470- 
483°C
%
DMAEMA
(calc.)
% Weight 
Loss 
3rd 
Transition 
470-483°C 
to 611- 
630°C
%
MMA
(calc.)
JEMOEP
5050 2.5 25.4
43.1
41.1
33.1
22.4
23.2
JEMOEP
6040 2.9 18.7
39.7
46.1
30.1
13.6
30.2
JEMOEP
7030 2.1 23.1
32.3
53.8
24.4
8.4
43.3
JEMOEP
8020 3.8 22.0
30.4
52.4
23.0
11.5
46.6
calc. = calculated
The four MOEP quaternary salts (Figure 2.12, Table 2.27) showed three very distinct 
degradation transitions. There is an initial loss of weight (2-4%) assumed to be due to 
trapped solvents followed by partial release, evaporation and degradation of the 
anionic monomer. During the degradation of the monomer, the phosphorus moiety
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may have been broken down. The temperature increase, as the experiment progressed, 
was thought to initiate side reactions between the degradation products resulting in a 
black char, thought to be due to the formation of phosphines and phosphine oxides, as 
proven by Jiang et al.m  who have studied the degradation of polymeric phosphonic 
acids using TG analysis coupled to a FTIR spectrometer. The transitions of the 
degradation curves for the VPA and MOEP quaternary salts were characteristic of the 
nature of the monomer and could be used as a method of characterisation.
There is a noticeable split in the weight loss of salts JEMOEP7030 and JEMOEP8020 
compared to the samples of JEMOEP6040 and JEMOEP5050 for the second and third 
weight loss transitions. JEMOEP7030 contains only 2.5% more DMAEMA than the 
JEMOEP8020. Therefore, the similarity in the degradation results was not surprising. 
The large weight loss could be an indication that the two MOEP salts JEMOEP7030 
and JEMOEP8020 are less stable at 380°C than the copolymers with a higher ratio of 
DMAEMA and higher ratio of acidic monomer content. The weight loss may be 
linked to the higher percentage of MMA compared to DMAEMA within the 
copolymer backbone.
It is possible that during thermal degradation, the quaternary amino side chain may 
undergo elimination of the amine moiety, through Hofmann degradation (section
1.8.1). This would result in the formation of an alkene, a tertiary amine and water, 
from the degradation of the dimethylammoniumethyl side chain, which would leave 
the PfMMA-DMAEMA] copolymer backbone as an alkylene pendent polymeric 
chain. This would explain the increase weight loss observed for the third transition of 
the TG analysis for each salt.
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Figure 2.13: Thermogravimetric degradation curve of PjMMA- 
DMAEMA]+[MA]', varying ratios
 JEMA5050
 JEMA6040
 JEMA7030
JEMA8020
Temperature °C
800
________
Table 2.28: Percentage weight loss of P[MMA-DMAEMA]+[MA]" samples 
during each transition
Sample % Weight 
Loss
1st
Transition 
70°C to 
205°C
% Weight 
Loss 
Shoulder 
Transition 
205°C to 
254°C
%
MA
(calc.)
% 
Weight 
Loss 
2nd 
Transitio 
n 210- 
226°C to 
345- 
358°C
%
DMAEMA
(calc.)
% Weight 
Loss 
3rd 
Transition 
345-358°C 
to 471- 
480°C
%
MMA
(calc.)
JEMA5050 19.0 8.8 24.0 21.0 44.6 47.8 31.3
JEMA6040 23.2 21.1 21.3 39.3 30.7 39.6
JEMA7030 16.2 16.3 17.7 30.2 62.2 53.5
JEMA8020 15.4 15.1 17.7 28.1 63.6 56.9
calc. = ca culated
The first transition (Figure 2.13, Table 2.28) mirrors the percentage MA monomer 
present within the salt, which is indicative of the release and subsequent loss of the 
monomer. JEMA5050 and JEMA6040 showed a greater weight loss than the amount 
of calculated MA monomer. The slight increase in weight may mean that there may 
be some excess monomer or solvent present, which had not been removed during the
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synthesis. A shoulder transition of the first transition occurred between 205-254°C for 
JEMA5050, although no reason for this shoulder could be found. The DMAEMA 
weight loss for the second transition was low and this was attributed to the reasons 
described previously. The third transition was very sharp for the four salts and looked 
very similar in shape as the final transition for the degradation of the copolymers. 
Again a split in the weight loss during the third transition for the MA salts was 
observed between JEMA5050, JEMA6040, and JEMA7030 and JEMA8020. This was 
assumed to be due to the increase in MMA content of the salts JEMA7030 and 
JEMA8020.
Figure 2.14: Thermal Gravimetric Degradation Curve of P[MMA-
DMAEMA]+[VPA]\ varying ratios
— —JEVPA5050
 JEVPA6040
 JEVPA7030
— JEVPA8020
TGA Analysis of P[MMA-DMAEMA]+[VPA]-; all ratios
120
600
Temperature °C
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Table 2.28: Percentage weight loss of P[MMA-DMAEMA]+[VPA]‘ samples 
during each transition
Sample % Weight 
Loss 
Solvent 
Transition 
93°C- 
225°C
% Weight 
Loss
jSt
Transition 
235-241°C 
to 354- 
367°C
% VPA 
Monomer 
(calc.)
% Weight 
Loss 
2nd 
Transition 
354-367°C 
to 438- 
462°C
%
DMAEMA
(calc.)
% Weight 
Loss 
3rd 
Transition 
438-462°C 
to 525- 
570°C
%
MMA
(calc.)
JEVPA5050
2.9 24.4
28.4 50.3
(15.0)*
42.0
12.6
29.5
JEVPA6040
3.7 22.5
25.2 50.3
(10.9)*
37.3
16.5
37.5
JEVPA7030
4.2 17.8
19.6 55.9
(10.4)*
29.0
19.7
51.4
JEVPA8020
2.4 20.9
18.3 55.8
(6.2)*
27.0
17.3
54.7
Calc. = calculated
*Side transition illustrated as blurring of the curve
The combined weight loss of the solvent and first transitions (Figure 2.14, Table 
2.28), although slightly higher than the percentage of VPA, shows good correlation to 
the ratio of acidic monomer and a corresponding decrease in weight is observed 
which correlates to the percentage decrease of monomer within the quaternary salts.
The second transition could actually be two transitions overlapping. The degradation 
curve begins to taper at 354-367°C until 438-462°C. This could be due to the 
formation of phosphines and phosphine oxides. Total weight loss is not achieved by 
1000°C for any of the four quatemaiy salts. This was probably due to the presence of 
residual phosphines and phosphine oxides, which form in air, but this can only 
conclusively be determined with further analysis e.g. TG analysis coupled to an FUR 
spectrometer. The degradation of the salts during the second stage is greater than the 
percentage DMAEMA within the copolymer, but removing the ‘tail5 to the 
degradation curve results in the weight loss actually being less than the DMAEMA 
content.
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Yan et a l12 have published research into the TG analysis of cationic copolymers, 
poly[butylacrylate-co-3-(methacryloylamino)-propyltrimethylammonium chloride], 
P[BA-MAPTAC] where they have observed three distinct transitions. They have 
attributed the first transition from 230°C-360°C to the thermal degradation of the 
MAPTAC content, compared to this work where the second transition has been 
attributed to the quatemised ammonium (DMAEMA) side chain.
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2.8 Conclusions
The synthesis of the model system was successful, both for the synthesis of the 
copolymer backbone, P [MMA-DMAEMA], and the formation of the quaternary salts. 
This was proven through characterisation by FTIR spectroscopy, *H NMR 
spectroscopy, and elemental analysis. Not only did NMR spectroscopy show 
copolymerisation of the monomers, DMAEMA and MMA, but also the stoichiometric 
ratio that the monomers reacted in, could be determined from the spectra. GPC was 
used to reaffirm that copolymerisation had occurred and no homopolymers were 
formed.
Formation of the quaternary salts using MA and VPA monomers was easily proven by 
]H NMR by the appearance of a broad N-H* peak, although this was not observed for 
the MOEP quaternary salts due to hydrogen-deuterium exchanges occurring in the 
solution.
FTIR spectroscopy revealed no differences between the individual copolymers. 
Therefore, it could not be used to determine changes due to the varying monomer 
ratios. Characteristic absorptions were observed for the three different types of salts 
and this was especially clear within the fingerprint region of the FTIR spectra. Some 
absorbance shifts were observed due to electrostatic interactions and included a shift 
at 1731-3 cm-1 of 4-5cm'! for the MOEP monomer. This shift highlights that salt 
formation does occur for the MOEP model systems, which was not observed by lU 
NMR spectroscopy.
Elemental analysis showed fair correlation for the copolymers between the calculated 
and actual results. However, there was a slight difference between the calculated and 
actual results for the quaternary salts, which was attributed to trapped solvent, residual 
unreacted acidic monomers.
Thermal analysis of the copolymers was achieved using MDSC and a decrease in Tg 
was observed with a decrease in DMAEMA content. Tg analysis of the quaternary 
salts was very difficult due to masking of the Tg, thought to be due to by the ionic 
bonding between the copolymer and the anionic monomer
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TG analysis of the copolymers gave very clear curves, which were characteristic of 
the compound. Characterisation of the individual copolymers using this technique was 
possible as the weight loss transitions mirrored that of the monomer content. Slight 
blurring of the initial transitions was observed, evidence that the copolymers 
contained traces of solvent.
The TG Analysis curves for the quaternary salts showed different transitions 
depending on the nature of the ionically bonded monomer, which were characteristic 
of the different salt complexes. Again, the transition curves showed dependency on 
the monomer ratio within the copolymer backbone. The quaternary salts containing 
phosphorus did not fully decompose at 1000°C. Instead a large ridge was observed on 
the curve indicative of residual material still present (>10%). A black char remained, 
which was indicative of by-products being formed during the degradation process. 
This was attributed to the formation of phosphines and phosphine oxides as the 
phosphorus was released from the monomers.
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Chapter 3. Potentiometric Titrations -  Determination o f Acid Protonation O f The 
Copolymers. PfMMA-DMAEMA 1
3.1 Introduction
This aim of this chapter is to attempt to analyse the reaction between the copolymer 
side chain and the three acidic monomers to determine information about the 
association of the synthesised quaternary salts. Formation of the salts through acid- 
base interactions highlighted several questions about the electrostatic interactions 
between the monomers and the copolymer side chain.
• Will dissociation of the monomer readily occur?
• How would the degree of association vary for monomers containing 
carboxylic acid, phosphate and phosphonic functional groups?
• How much energy is needed to overcome the electrostatic attractive forces 
between the ionically bonded species to dissociate the acidic monomer from 
the quaternary salt?
• Will the polarity of the water molecules be sufficient to cause the separation of 
the two species?
Previous chapters have discussed the model systems in terms of the formation 
quatemaiy salts in terms of the association of the quatemised copolymer with an ionic 
monomer, or in terms of the dissociation of the ionic monomer from the quatemised 
copolymer upon the ingress of water. Instead, this chapter will discuss the quaternary 
salts in terms of the protonation of the copolymer side chain using acidic monomers 
and subsequent formation of the salt through ionic interactions. The protonation 
constant of the individual monomers and copolymers will be analysed using 
potentiometry.
Potentiometry is an analytical technique that can be used to determine the extent of 
interaction occurring between the acidic monomer and the copolymer during the 
formation of the salts. Determination of the protonation constant of the individual 
systems using potentiometric titrations can be used to determine the strength of the 
electrostatic interaction required to attach the acidic monomers to the amino side 
chains of the copolymer. This information should help to predict whether a water 
molecule would be sufficient to dissociate the acidic monomer from the quatemaiy
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copolymer. Dissociation of the salt upon the ingress of water is vital if  the concept of 
a self-repairing adhesive system is to work and the monomer to migrate through an 
adhesive matrix to the interface.
The process of the formation of the quaternary salt has been broken down into stages. 
Firstly, the copolymers and monomers were tested to determine their solubilities in a 
protic solvent (H2O) and dipolar aprotic solvent (acetonitrile). The copolymers and 
monomers must fully dissolve in the solvent to be analysed using potentiometry.
The second stage was to study the protonation of the copolymers with an acid, which 
would fully dissociate in an electrolyte solution. In this instance perchloric acid has 
been used as the reference acid, because it is known to be fully dissociate in 
acetonitrile.
The third stage of the experiment was to assess the acid-base reactions between the 
individual acidic monomers with each of the copolymers. Analysis of any observable 
changes of the interactions between the copolymer and the acidic monomers due to 
either the variance in nature of functional group of the acidic monomer or the change 
in the number of amine sites that can be protonated, related to the amount of 
DMAEMA present, will be discussed.
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3,2, Solubility Measurements
Samples of the 4 copolymers of P[MMA-DMAEMA] (<0.1 g) and the three 
monomers, MOEP, MA, and VPA, (<0.1 g) were weighed out and transferred into 
individual test tubes. Distilled H2O (10 ml) was pipetted into each tube.
Samples of the 4 copolymers of P[MMA-DMAEMA] (<0.1 g) and the three 
monomers, MOEP, MA, and VPA, (<0.1 g) were weighed out and transferred into 
individual test tubes and distilled acetonitrile (10 ml) was pipetted into each tube. The 
fourteen test tubes were placed into an ultrasonic bath for 1 hour, followed by being 
placed into a thermal bath at 25°C initially for 72 hours or until the copolymer had 
dissolved. If the copolymer had dissolved, extra was weighed out and added to the test 
tube. The samples were left for a further day, or until the solids had dissolved. More 
sample was added to the individual test tubes until saturation of the solution was 
achieved.
To check whether the solid copolymers undergoes saturation, a small amount of each 
copolymer, P[MMA-DMAEMA], was placed into a wide necked 5ml vial. This was 
placed into the bottom of a glass jar with a screw top lid, which contained 1cm depth 
of acetonitrile. The jar was sealed and left for 24 hours. After this period, if  the 
copolymer was a dry solid, then it would be possible to make a saturated copolymer 
solution. If the solid copolymer had fully dissolved, then it was not possible to make a 
saturated solution.
3,3 Preparation of the Potentiometric Cell
The experiment was performed using a supporting electrolyte of 
tetrabutylammoniumperchlorate, BU4NCIO4, (Fluka) (1.7096g, 0.05 M) prepared 
volumetrically by dissolving the salt in freshly distilled acetonitrile, AN, up to a 
volume of 100 ml. Addition of BU4NCIO4 was made to work at a constant ionic 
strength. The reference half-cell electrode was a Ag/AgCl electrode. The outer jacket 
of the reference electrode was filled with the supporting electrolyte, Bu4NC104(an>
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3.3.1 Calibration of the Glass Electrode
The reference electrode was placed into a vessel and immersed (20 ml) in the 
supporting electrolyte, Bi^NCIO^an). A glass pH electrode, made by Russel (Figure 
1.14) was also immersed into supporting electrolyte solution in the vessel. The vessel 
was stirred constantly for the duration of the experiment and the experiment was not 
started until the electropotential, E (mV), of the system had stabilised.
The supporting electrolyte was titrated against a solution of perchloric acid (1.0456g, 
0.1 M) dissolved in 1,4-dioxane, DX, up to a volume of 100 ml. Perchloric acid (20 
pL) was titrated against the support electrolyte over varying time intervals from 6 to 2 
minutes. A graph of electropotential, E, vs log of the concentration of the acid, [H*], 
was plotted (section 3.7). When the gradient equalled or neared 59.2 mV (calculated 
from the Nemst equation, section 1.9.3), Nemstian behaviour ensued and the glass pH 
electrode was deemed calibrated. The experiments were repeated until the electrode 
had stabilised and Nemstian behaviour was observed.
After every experiment, the electrodes were cleaned using the method described by 
Kolthoff et a l108 The pH electrode was washed with distilled water, then absolute 
ethanol and when not in use was clamped upright in a beaker of distilled water. 
Similarly, the reference electrode was kept in a beaker containing the supporting 
electrolyte, BiuNCIO^an)- Before the start of the experiment, the pH electrode was 
washed with absolute ethanol, dried using dry nitrogen, then left standing in a beaker 
containing distilled acetonitrile for a minimum of 20 minutes. The electrode was 
placed into the vessel containing the reference electrode to complete the 
potentiometric cell.
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3,3,2 Potentiometric Titration of the Copolvmer with Perchloric Acid in 1.4- 
Pioxane at Room Temperature using an Automatic Burette
The copolymer was titrated against a solution containing perchloric acid using an 
automatic burette to determine the amount of acid (0.1 M) needed to protonate the 
copolymer and from this information the end point of the titration curve was 
determined.
P[MMA-DMAEMA] (50:50), JE5050, (0.1053g) was dissolved up to a total solution 
volume of 25ml of BiuNCIO^an) and the solution (20 ml) was pipetted into the 
titration cell. The sample was titrated against a solution of perchloric acid (0.26146g, 
0.1 M) dissolved in 1,4-dioxane, DX, up to a volume of 25 ml, using an automatic 
burette. The syringe was loaded with perchloric acid solution (9 ml), and then the 
burette was automatically empted into the potentiometric cell through a Teflon tube. 
The rate of injection was monitored by a counter and the amount of acid titrated was 
recorded.
A graph of E (mV) vs log [H4] was plotted on a chart recorder. This experiment was 
repeated 4 times to ensure accuracy.
The flow rate of the automatic burette was calculated by measuring the total weight of 
H2O to be pipetted over 200 units of the display counter. The experiment was 
repeated ten times and the mean was calculated to minimise errors.
The electrodes were cleaned between each experiment as described previously 
(section 3,3,1).
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3.3.3 Potentiometric Titration of P 1MMA-PMAEMA1 (50;501 against Perchloric 
Acid in 1.4-Pioxane at Room Temperafare EecQrded using a Chart Recorder
P[MMA-DMAEMA] (50:50), JE5050, (0.1053g) was dissolved in 25 ml of 
Bu4NC104(an) followed by the solution (20 ml) being pipetted into the titration cell. 
The copolymer sample was titrated against a solution of perchloric acid (0.26146g, 
0.1 M) dissolved in 1,4-dioxane up to a volume of 25 ml. HClO^x) (100 pL) was 
titrated against the supporting electrolyte containing the copolymer with a time span 
varying from 2 to 7 minutes, with the total number of titrations equalling thirty. 
Variations in the time span was due to the time taken for equilibrium to be achieved 
before the next addition. A graph of E (mV) vs log [H+] was plotted on a chart 
recorder. The experiment was done in triplicate. Between each experiment, the 
electrodes were cleaned as stated previously (section 3.3.1).
3.3.4 Potentiometric Titration of PrMMA-DMAEMAI (50:501 against Perchloric 
Acid in 1.4-Pioxane at Room Temperature
An electrolyte solution of Bu4NC104(an) (Fluka) (1.7096g, 0.05M) was prepared as 
previously described (section 3.3.3). P[MMA-DMAEMA](50:50), JE5050, (0.10g) 
was dissolved in the electrolyte solution, up to a volume of 25 ml, and left to dissolve 
fully for at least one hour. The copolymer solution was pipetted (20 ml) into the 
potentiometric cell. The cell was sealed and left to equilibrate for at least 20 minutes 
under constant stirring.
A solution of HCIO4 (0.26415g, 0.1 M) was prepared volumetrically by dissolving it 
in 1,4-dioxane, DX, up to a volume of 25 ml. The acid solution was pipetted (100 pL) 
into the vessel over varying time intervals, until 30 additions had been made. A 
titration curve was plotted as described previously (section 3.3.3).
This experiment was repeated for the copolymer P[MMA-DMAEMA](80:20), 
JE8020, using the same quantities and experimental procedure. By titrating JE5050 
and JE8020 the maximum and minimum amount of acid needed for the experiments 
was established.
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Improvements were made to the experimental procedure and the changes included:
• exchanging the solution within the inner jacket of the reference electrode, 
from AgNC>3 in BiljNCIO^an) to AgNCb dissolved in propan-l-ol;
• dissolving the acid monomer in the electrolyte solution and not in 1,4-dioxane 
to ensure that the only change in the ionic strength of the system was due to 
the addition of the acid, and not the addition of the 1,4-dioxane;
• a circulating water jacket was installed around the potentiometric cell, to 
ensure that the temperature of the titration remained constant at all times;
• calibration of the electrodes before every titration to ensured that no drift of 
results occurred and also to enable accurate experimental results to be 
determined.
An electrolyte solution of BU4NCIO4 (1.7096g, 0.05 M) was prepared by dissolving 
the salt in acetonitrile up to a total volume of 100 ml. A solution of AgNC>3 (0.0425g, 
0.01 M) was prepared in propan-2-ol, PR, to a total volume of 25 ml then placed into 
an ultrasonic bath to ensure that the AgNCb crystals were fully dissolved.
The reference half-cell (Ag/Ag4) consisted of two glass jackets with glass membranes 
at the bottom that fitted inside each other (section 1.9.2, Figures 1.15 to 1.17). The 
inner jacket of the reference electrode was filled with the AgN0 3 (PR) solution and a 
silver wire was inserted into the jacket, then it was sealed with a rubber stopper. The 
outer jacket was filled with the Bu4NC104(an) solution in acetonitrile and the inner 
jacket placed inside the outer jacket, ensuring that no air bubbles were trapped.
The reference electrode was stored in Bu4NC1C>4(an) when not in use. The glass 
electrode was immersed into distilled H2O when not in use. Before any experiment, 
the glass electrode was placed in acetonitrile for a minimum period of one hour. The 
glass electrode was cleaned using distilled water, while the reference electrode was 
cleaned using acetonitrile.
116
Chapter 3: Potentiometric Titrations
3.4.1 Calibration of the Glass Electrode using Methacrvlic acid at Room 
Temperature
All electrolyte and acid solutions were prepared on the day of use, using freshly 
distilled acetonitrile, to minimise the effects of hydrolysis109 due to water present in 
the solvent.
The supporting electrolyte, Bu4NC104(an>, was pipetted (20 ml) into the vessel of the 
potentiometric cell. The reference and pH electrodes were immersed into the cell and 
the cell was sealed. The cell was equilibrated to constant temperature, by a circulating 
water jacket at 25 ± 0.5°C, (298.15 ± 0.5K) and was left to equilibrate for 20 minutes 
under constant stirring.
Methacrylic acid (0.21523g, 0.1 M) was dissolved in the B^NCIO^an) solution up to 
a total volume of 25 ml. This was titrated (20 pL) against the electrolyte solution over 
varying time intervals, from 5 to 2 minutes. The time between each addition was 
increased near to the endpoint of the titration. This ensured that the system reached 
equilibrium before the next addition. Fifteen additions were made during the course 
of the titration. Again, a graph of E (mV) vs log [H4] of the acid was plotted to 
determine Nemstian behaviour and the titration experiments were repeated until 
Nemstian behaviour was achieved.
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3.4.2 Potentiometric Titration of the Conolvmer P1MMA-DMAEMA1(50:501 
against Methacrvlic Acid at Room Temperature
P[MMA-DMAEMA] (50:50), JE5050, (0.2g) was dissolved in the electrolyte 
solution, Bu4NC104(an) up to a total volume of 50 ml, followed by the solution being 
pipetted (20ml) into the potentiometric cell. The potentiometric cell was prepared as 
previously (section 3.4.1). Methacrylic acid (0.21523g, 0.1 M) was dissolved in the 
Bu4NC104(an) solution, which was titrated (20 juL) against the copolymer solution 
over varying time intervals, from 2 minutes to 6 minutes, until there had been 30 
additions of acid. The time was varied, with longer time intervals being left between 
additions near the end point of the titration, to ensure that the system had reached 
equilibrium before the next addition occurred.
A graph of E (mV) vs log [H+] (ml) was plotted and a titration curve was obtained.
3.5 Potentiometric Titration of PrMMA-DMAEMAl against Vinvlphosphonic 
Acid at Room Temperature
Problems occurred when calibrating the potentiometric cell for titrating methacrylic 
acid against the copolymer, which will be explained later (section 3.7.6), therefore the 
copolymer P[MMA-DMAEMA] was titrated against the acid VPA before calibration 
experiments were completed. This ensured that the titration was viable by obtaining 
an end point and to save time in repeatedly calibrating the electrodes.
The potentiometric cell was prepared as stated previously (section 3.4.2). 
Vinylphosphonic acid (0.27008g, 0.1 M) was dissolved in the Bu4NC104(an) solution 
up to a total volume of 25ml. This was titrated (20 pL) against the electrolyte 
solution, as stated previously (section 3.4.2).
A graph of E (mV) vs log [H4] was plotted and a titration curve was obtained.
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3.5.1 Calibration of the Glass Electrode using Vinvlphosphonic acid at Room 
Temperature
The cell was prepared as previously described (section 3.4.2). Vinylphosphonic acid 
(0.27008g, 0.1 M) was dissolved in the Bi^NCIO^an) solution up to a total volume of 
25ml. This was titrated (20 pL) against the electrolyte solution over varying time 
intervals, from 5 to 2 minutes and calibration was determined as stated previously 
(section 3.4.1).
3.6 Comparison of Potentiometric Data using Vinvlphosphonic acid and
gffgWwfc acid
Difficulties occurred in obtaining a calibration curve for the titration of the 
vinylphosphonic acid (section 3.7.7). To ensure that the system was functioning 
correctly, a titration of HC104was compared to a titration of VP A. Changes were also 
made to the concentration of the acids titrated, to see what effects this would have on 
the curves. Firstly, the electrolyte solution Bu4NC104(an) was titrated against a 
solution of perchloric acid. This acid is widely known to be fully dissociated in 
acetonitrile and was used as a reference acid in these titrations.
The potentiometric cell was used as before (sections 3.4 and 3.4.1).
Perchloric acid (0.2615g, 0.1 M) was dissolved in the electrolyte solution 
Bu4NC104(an) up to a total volume of 25 ml. This was titrated (20pL) against the 
electrolyte solution as stated previously (section 3.5).
The experiment was repeated under the same experimental conditions, but this time 
using a solution of vinylphosphonic acid, (0.270lg, 0.1 M) dissolved in Bi^NCO^an) 
and made up to a volume of 25 ml.
The experiment was repeated under the same conditions using the solution of 
perchloric acid (0.2614g, 0.1 M) dissolved in the electrolyte solution. Once the 
potentiometric cell had been validated using perchloric acid, the next titration was 
completed under the same conditions, but using a dilute solution of VPA (0.0027g, 
0.001 M), again dissolved in Bu4NC104(an> and made up to a volume of 25 ml. This 
was repeated twice to check for reproducibility.________________________________
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A final set of titration experiments was completed by titrating the vinylphosphonic 
acid solution (0.0027g, 0.001 M) against the Bi^NCIO^an) electrolyte solution, 
followed by titrating perchloric acid (0.0026g, 0.0001 M) against the electrolyte 
solution. Again, the experiment was repeated twice to check for reproducibility.
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3.7 Results and Discussion
Initially, the aim of the solubility measurements110 was to determine the solubility of 
the copolymers and monomers in two different solvents, H2O and acetonitrile, at a 
constant temperature of 298 ± 0.5 K. The copolymers did not dissolve in H20  so this 
experiment was abandoned. The monomers partially dissolve in H20 , but because the 
MA and VPA monomers were liquids it was not possible to determine the point at 
which saturation occurred. This problem also occurred for the monomers when mixed 
with acetonitrile.
The copolymers dissolved readily in acetonitrile, so much so, that after putting 
approximately 5 grams of copolymer into each test tube, a separate experiment was 
used to see whether it was possible to actually produce a saturated solution (section
3.1.1). The small amount of the copolymer, P[MMA-DMAEMA], which had been 
placed into the wide necked vial had dissolved into a sticky, viscous liquid after 24 
hours of sitting in a sealed jar containing acetonitrile solvent. This simple experiment 
determined that it was not possible to make a saturated solution. Hence, the results for 
saturation of the copolymers were not obtained.
For every experiment undertaken the electrodes were calibrated twice. Each time the 
electrode was calibrated, the experiment had to be repeated until the Nemstian 
behaviour was achieved.
The factory performance data of the glass pH electrode (Russell pH Ltd) used in the 
experiments includes:
E° ±25 mV
Stir noise (pH 6.86) ±1000 pV
Slope (pH 4.00-6.86) >96 %
Drift (pH 4.00) ±1000 pV
Sodium slope 440 mV
Junction resistance 300-3200 Ohms
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The results for the first calibration curve showed a gradient of 60.81 mV (Figure 3.1). 
Since n =1, (number of electrons) and R (gas constant) and F (Faraday constant) 
remain constant, then the deviation from ideal (59.2 mV) was due to variations in the 
room temperature.
After the electrodes had been calibrated, the copolymers were titrated against the 
perchloric acid (0.1 M) using the automatic burette. The aim of this was to determine 
the concentration of acid needed to obtain the end point of the titration. The volume of 
acid required was doubled to produce a full titration curve. This was repeated four 
times and an average was taken of the results. The flow rate of the burette was 
calculated experimentally and from this the concentration of acid required per 
experiment and the volume of acid per injection, for 30 injections, was determined.
Figure 3.1: Calibration of the potentiometric cell by titration of Bu4NC104(an) 
(0.05 M) against HCIO4 (0.1 M) in 1,4-dioxane at room temperature
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60.81 mV
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3 0 0
The experimental conditions used were as follows:
Chart speed: 300 cm h' 1 
V range: 2 V
Burette flow rate: 3.98pLs_1
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Table 3.1: Volume of perchloric acid in 1,4-dioxane required to determine the 
endpoint for the calibration titration of the potentiometric cell at room 
temperature.
Experiment Volume of Perchloric Acid (ml)
1 6 . 0
2 5.8
3 6 . 0
4 5.5
The average volume of acid needed for each titration was 5.83 ml. Therefore over a 
titration curve of 30 points, 100 pL per addition was required.
The calibration curve for the second set of calibration experiments showed a gradient 
of 62.31 mV (Figure 3.2). This was not exactly 59.2 mV, the required value for 
Nemstian behaviour. Room temperature fluctuations or the absorption of H2 O were 
attributed to cause this phenomenon.
Figure 3.2: Calibration of the glass electrode with HCIO4 in 1,4-dioxane against 
Bu4NC104(an) at room temperature
3 8 0
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3.7.3 Potentiometric Titration of the Copolvmer P[MMA-DMAEMA1 (50:50)
After Nemstian behaviour was observed for the repeat calibration, the copolymer 
P[MMA-DMAEMA] (50:50) dissolved in Bu4NC1C>4(an), was titrated against the 
reference acid, HCIO4 (Figure 3.3).
Figure 3.3: Potentiometric titration of P [MMA-DM AEM A] (50:50) in 
Bu4NC104(an) with HClO4(0.1M) in 1,4-dioxane at room temperature
40 0
200
0
-2 .5 -1 .5
-200
-400
-600
log [H +]
The titration was done in triplicate (Figures 3.4 and 3.5) to ensure accuracy and the 
mean of the results determined.
Figure 3.4: Potentiometric titration P[MMA-DMAEMA] (50:50) in 
Bu4NC104(an) against HCIO4 (0.1 M) in 1,4-dioxane at room temperature
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Figure 3.5: Potentiometric titration P[MMA-DMAEMA] (50:50) in 
Bu4NC104(an) against HClO4(0.1 M) in 1,4-dioxane at room temperature
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Accurate calculation of the endpoint of the titrations of the copolymer against 
perchloric acid was achieved using Excel111 by taking the tangent to the curve from a 
plot of Z vs log [H+] (Figure 3.6), where Z was calculated using the following 
equation:
Z = (total volume of acid/initial volume of acid) x exp - (E-Eq/c)
Where E = Potential (emf) of the potentiometric cell 
E0 = Standard potential at 25 °C (298.15 K) 
c = Gradient of the calibration curve = 2.303 RT/nF 
R =Gas constant = 8.315 JK' 1 mol' 1 
T = Absolute temperature in Kelvin 
F = Faraday constant = 96.4xl03 C mol' 1
The tangent to the curve was taken and from this the end point was determined at the 
point where the line crossed the x-axis (Figure 3.6).
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Figure 3.6: Endpoint determination of the potentiometric titration of P[MMA- 
DMAEMA] (50:50) against HCIO4 dissolved in 1,4-dioxane at room temperature 
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For accuracy and repeatability, the titration was done in triplicate (la  -lc ). The end 
point of the titration was determined as the point that the gradient intercepts the x- 
axis. The results for the three titrations can be seen in table 3.2.
Table 3.2: Endpoint determination of P [MMA-DM AEM A] (50:50) titrated 
against HCIO4 dissolved in 1,4-dioxane at room temperature
Titration Volume of acid added 
per addition (pi)
Total number of 
additions per titration
Endpoint
(ml)
Titration la 1 0 0 30 2 . 0 0
Titration lb 1 0 0 30 1 . 6 6
Titration lc 1 0 0 30 2 . 0 0
Mean la -lc 1 0 0 30 1.89±0.005
The results above (Table 3.2) show that an endpoint for the titration of P[MMA- 
DMAEMA] against perchloric acid occurs after the addition of 1.66-2.00ml of acid 
solution. The endpoint of a reaction is the point at which the number of moles of 
added acid equals the number of moles of the protonated copolymer. By knowing the 
amount of acid required to reach the end point of the titration, i.e. the point at which
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the number of protonated ammonium side chains equals the number of unprotonated 
amino side chains, the number of nitrogen atoms available for protonation can be 
determined.
Due to the problems experienced trying to calibrate the electrodes (Nemstian 
behaviour and repeatability), the electrodes were not calibrated before each titration. 
This meant that it was not possible to determine the association constant, as the result 
would be deemed to be unreliable. Determination of a value for the association 
constant of each individual perchloric acid proton to a single amino group is possible, 
but the calculations and assumptions required would be too time consuming and 
would go beyond the scope of this thesis. Instead a ‘global5 association constant, an 
average of all the amino group protonation sites, could be obtained from these 
titration experiments by applying the Nemst equation (section 1.9.3).
3.7.4 Potentiometric Titration of PfMMA-DMAEMAl (80:201 against Perchloric 
Acid in 1.4-Pioxane at Room Temperature
The potentiometric cell was recalibrated using the electrolyte solution, Bu^NCIO^an) 
with HCIO4 in 1,4-dioxane. P[MMA-DMAEMA] (80:20) dissolved in the electrolyte 
solution was titrated against perchloric acid. HC1C>4(dx) acid (75pL) was pipetted into 
the potentiometric cell for each addition of the experiment and the end point was 
achieved after 14 additions. The experiment was stopped after 25 additions. The 
endpoint for both titrations (Figure 3.7) was calculated as stated previously (section 
3.7.3). A graph showing the determination of the end point for titration 2a can be 
seen in Figure 3.8 and the results can be viewed in Table 3.3.
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Figure 3.7: Potentiometric titration of P[MMA-DMAEMA] (80:20) against 
HClO4(0.1 M) in 1,4-dioxane at room temperature - Titration 2a
5 0 0
3 0 0
-3. 5- 1 0 0
- 3 0 0
- 5 0 0
Figure 3.8: Determination of the endpoint for the potentiometric titration of 
P[MMA-DMAEMA] (80:20), JE8020, against HCIO4 (0.1M) dissolved in 1,4- 
dioxane at room temperature
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Table 3.3: Endpoint determination of P[MMA-DMAEMA] (80:20) titrated 
against HCIO4 dissolved in 1,4-dioxane at room temperature
Titration Volume Acid
Added per addition 
(HL)
Total number of 
additions per 
titration
Endpoint (ml)
Titration 2a 100 20 1.0
Titration 2b 75 25 1.0
The results above (Table 3.3) show that it was possible to protonate the pendent side 
chain, although the results were not accurate due to the electrodes not being calibrated 
before the start of each titration. This was attributed to difficulties in replicating 
Nemstian behaviour. If accurate results were produced, further difficulties would 
occur when trying to determine the protonation constant for each site. The copolymer 
contains a significant number of amino groups (>10,000) per chain. When 
manipulating data the calculated protonation constant will have to be viewed as a 
'global' result. Trying to calculate an accurate value for each individual amino group 
would not only be very time consuming, but would also be awkward due to the 
number of factors required. These would include:
• the shape of the copolymer i.e. whether the copolymer is coiled, a helix, or in 
a disordered, twisted chain;
• the structural conformation i.e. the positioning of the amino group along the 
polymer backbone. The tacticity of the copolymer and whether the side chain 
is sticking out from the copolymer backbone, facing inwards and possibly 
causing steric hindrance or in a cyclic conformation, due to intramolecular 
interactions;
• the nature of the adjacent structural moieties to the individual protonation 
sites. The nature and functionality of neighbouring atoms will have an effect 
on the electrostatic interactions of the amino group, including protonation.
The only conclusion to be drawn from the comparison of the results is that the volume 
of perchloric acid (0.1 M) needed to protonate P[IvlMA-DMAEMA] (50:50) is 
approximately double that of P[MMA-DMAEMA] (80:20).
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3.7.5 Modification of the Reference Electrode and Experimental Conditions
After proving that it was possible to protonate the copolymer chain, the copolymer 
was titrated against methacrylic acid, MA. Changes were made to the potentiometric 
system as described previously (section 3.4).
The reasoning behind the changing of the inner solution of the electrolyte was two 
fold. The solvent used to dissolve the AgNCb for the solution in the inner jacket was 
changed to propan-2-ol to aid in the migration of the electrons from the silver wire to 
the glass membrane. This would hopefully produce a more stable electrode, which 
would give reproducible results and mean that the potentiometric cell could be easily 
calibrated before each titration.
The circulating water bath was used to eliminate problems with room temperature 
fluctuations and aid in achieving reproducible Nemstian behaviour for the 
potentiometric cell.
3.7.6 Calibration of the Potentiometric Cell using Methacrylic Acid at 298.15 ± 
0.5 K
The potentiometric cell was calibrated using methacrylic acid (0.1 M) dissolved in the 
electrolyte solution. Following the calibration of the cell, the same acid solution was 
titrated against the copolymer solution containing JE5050. An endpoint was not 
observed on the titration curve after 60 additions. The titration was repeated, after 
calibration of the electrode, using an increased acid concentration (1.0 M). No 
endpoint was achieved after 70 additions (7000 pL). The titration was abandoned 
when the total volume of electrolyte solution and acid solution was greater than the 
internal volume of the vessel of the potentiometric cell.
The potentiometric cell was recalibrated and the experiment was repeated using the 
same concentration of acid (1.0 M) and a reduced weight of copolymer (O.Olg). Again 
an endpoint was not observed. The experiments were suspended and the copolymer 
solution was titrated against vinylphosphonic acid.
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Problems attributed to the association of MA to the copolymer may also be attributed 
to the change in pH of the system. Patrikios et a l46 have researched into the effect of 
pH on colloidal polyampholytes by analysing the stability of polymers, based on the 
monomers DMAEMA and MA, over changing pH, polymer concentration and salt 
type. Discussion in the paper surrounds the deprotonation of MA moiety and the 
protonation of DMAEMA, as a function of the changing factors. The discovered that 
DMAEMA became protonated at a pH not greater than 8, compared to MA becoming 
anionically charged at a pH greater than 5. If this research is correct and the 
information applied to the MA salt system, this would mean that the environment of 
the copolymer would theoretically have to be at a pH greater than 5 for MA to 
become anionically charge, i.e. deprotonated, and the pH of the system would have to 
increase to above pH 8 for protonation of the amino side chain of P[MMA- 
DMAEMA] to occur.
3.7.7 Calibration and Potentiometric Titrations using Vinvlphosphonic Acid at
m tiSLLfligJS;
Due to the problems incurred titrating MA against the copolymer it was decided that 
the copolymer solution would be titrated against VPA without calibrating the 
electrodes, to save time. The copolymer P[MMA-DMAEMA] (50:50) (0.0lg  was 
dissolved in the electrolyte solution, BU4NCIO4 (0.05 M) in acetonitrile, up to a 
volume of 50 ml and was titrated against VPA (1.0 M) dissolved in the electrolyte 
solution using 100 pL per injection. Unlike the MA titrations, a significant jump in 
electropotential was observed after the first addition. To compensate for this, the acid 
concentration was reduced to 0.1 M and the titration was repeated. Again, the 
endpoint was too near the start of the reaction so modifications were made. For the 
last titration the acid concentration was kept constant and the polymer concentration 
was increased to O.lg (the original concentrations used in the initial experiment in 
section 3.4.2).
Since an endpoint was observable, the next stage was to calibrate the electrode, and 
repeat the experiment to enable the calculation of the correct endpoint of the reaction 
and hence calculate the protonation constant for the system in question. Calibrating 
the electrodes using vinylphosphonic acid was problematic. The gradients of the 
calibration curves varied from 92.9 mV to 321.7 mV. Vinylphosphonic acid contains
131
Chapter 3: Potentiometric Titrations
two hydroxy groups, therefore is capable of donating two protons. This does not 
effect on the gradient of the titration curve. Instead, the number of protons present 
will cause the line to shift up the y-axis, to a higher value of E. To ensure that the 
potentiometric cell was functioning correctly, the electrolyte solution was titrated 
against perchloric acid, an acid, which is known to dissociate fully in acetonitrile. A 
new pH electrode was also used.
A gradient of 59.1 mV was achieved for the calibration of the potentiometric cell 
using perchloric acid titrated against the electrolyte solution. From this, it could be 
concluded that the acid monomers were affecting the potentiometric titration in some 
way. Both methaciylic acid and vinylphosphonic acid form dimers through hydrogen 
bonding interactions. If dimerisation of the acids occurs during the titration, then this 
would explain the problems occurring during the calibration of the potentiometric cell 
using the monomers. To prove this VPA was analysed by NMR spectroscopy in a 
dipolar aprotic solvent (d3-acetonitrile) and a protic (d3-methanol) solvent (section 
3.8) and the change in the proton shifts was observed due to the change in solvent- 
solute interactions.
To minimise the effects of hydrogen bonding, the calibration was repeated, firstly, 
using perchloric acid (0.1 M) (Figure 3.9), to check that the potentiometric cell was 
functioning properly, and then twice using a dilute vinylphosphonic acid solution 
(0.001 M), for direct comparison with the perchloric acid solution (Figure 3.10 and 
Figure 3.11).
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Figure 3.9: Calibration of the potentiometric cell using perchloric acid (0.1M) 
titrated against the electrolyte B114NCIO4UI acetonitrile at 298.15 ± 0.5 K
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Figure 3.10: Calibration of the potentiometric cell using vinylphosphonic acid 
(0.001 M) titrated against the electrolyte solution BU4NCIO4 at 298.15 ± 0.5 K
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Figure 3.11: Repeat titration of the calibration of the potentiometric cell using 
vinylphosphonic acid (0.001 M) titrated against the electrolyte solution 
Bu4NC104 at 298.15 ± 0.5 K
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Figure 3.10 and Figure 3.11 have illustrated that it was possible to attain gradient 
values similar to the ones required. Repetition of the titration using an identical 
concentration of perchloric acid (0.001 M) ensured that the calibration curves were 
repeatable and the electrodes were stable over a day rather than hours. Consecutive 
titration experiments were performed using vinylphosphonic acid followed by 
perchloric acid.
Figure 3.12: Calibration of the potentiometric cell using vinylphosphonic acid 
(0.001 M) against the electrolyte solution BU4N C IO 4 in acetonitrile at 298.15 ± 0.5 
K
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As seen from the graph, (Figure 3.12) the calibration curve varied significantly from 
the previous one above. This indicates that the calibration curve was not reproducible. 
The potentiometric cell was subsequently calibrated by titrated perchloric acid against 
the electrolyte solution.
Figure 3.13: Repeat calibration of the potentiometric cell using perchloric acid 
(0.001 M) titrated against the electrolyte solution, BU4NCIO4 in acetonitrile at 
298.15K
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The calibration curve using perchloric acid had a gradient of 247.9 mV and 171.9 mV 
for the repeat titration. This result was significantly different from the required 59.2 
mV. Since this was titrated after the vinylphosphonic acid, it is highly possible that 
the VPA has contaminated the potentiometric cell. VPA is used within the adhesive 
industry because of its bonding ability to surfaces and it is widely known that the
• 119molecule has a high affinity to chemically bond to glass through the hydroxy 
groups.
The association constant for each system can be calculated from the Nemst 
equation113'114 (section 1.9.3). As the calibration of the potentiometric cell was not 
possible, the gradient of the curve could not be determined and also the standard 
electropotential, E0, the intercept of the x-axis. Without these values it was impossible 
to calculate the protonation constant. Therefore, the titration experiments were 
abandoned.
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3.8 Electrostatic Interactions of acids in Dipolar Anrotic Solvents
It is commonly known that acids, e.g. acetic acid and methacrylic acid, can form 
dimers115 through hydrogen bonding between the carbonyl groups and hydrogen 
atoms bonded to an electronegative atom (Figures 3.14 and 3.15).
Figure 3.14:Dimerised Figure 3 .15:Dimerised
methacrylic acid vinylphosphonic acid
H
I
O
O—H—- 0=P— ^  
— p = 0 — - H— O
0
1
H
Hydrogen bonding between the molecules that possess exchangeable protons has been 
proven through NMR spectroscopy115 To determine whether the VPA used within the 
titration experiments formed dimers, as suggested previously (section 3.7.7), the acid 
was characterised using !H NMR spectroscopy. The vinylphosphonic acid was 
analysed by NMR spectroscopy (Figures 3.16 and 3.17) in two different solvents, 
deuterated methanol and deuterated acetonitrile. The aim of this was to see:
• the molecular structure and spectroscopic shifts in acetonitrile;
• if any solvent-solute intermolecular forces were present (by comparing the d r  
methanol and d3-acetonitrile spectra).
Comparison of the !H NMR spectra (Figures 3.16 and 3.17) clearly showed a shift in 
the hydroxyl peak of the acid from 8 5.31 to 8 9.96 attributed to changes in the nature 
of the solvent from protic, cU-methanol, to dipolar aprotic, d3-acetonitrile. The up- 
field shift of the hydroxy group by 8 4.65 indicated an increase in the deshielding of 
the proton of the hydroxy group, attributed to the change in the solvent system from 
methanol to acetonitrile. Acetonitrile is a dipolar aprotic solvent. Therefore solvent- 
solute interactions are minimal, compared to the solvent methanol which is able to 
undergo electrostatic interactions, through hydrogen bonding, with the acid.
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Figure 3.16: NMR spectrum of vinylphosphonic acid in d^methanol at 294.15
K
OH
PPM
Spectrum 1: '»  NMR (270 MHz in d4-methanol) 8: 0.0 (TMS), 3.30 (CH3 - 
methanol-d), 5.31 (OH), 5.88 - 5.93 (multiplet, CH -phosphorus splitting), 6.02 - 
6.23 (multiplet, CH2 -phosphorus splitting)
Figure 3.17: *H NMR spectrum of vinylphosphonic acid in d3-acetonitrile at 
294.15 K
HO
OH
Spectrum 2: *H NMR (270 MHz in d3-acetonitrile) 5: 0.00 (TMS), 1.95 
(Acetonitrile-d), 5.95 - 6.0 (multiplet CH -phosphorus splitting), 6.11 - 6.19 
(multiplet CH2 - phosphorus splitting), 9.96 (OH).
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Only one hydroxy peak was observed in the NMR spectrum of VPA in d3- 
acetonitrile and drmethanol. Theoretically, two peaks might be observed; one 
hydroxy group, which is hydrogen bonded and one free hydroxy group, but because 
the acid molecules would be in dynamic equilibrium, rapidly changing from one 
conformation to another, only one peak, an average, is obtainable by NMR 
spectroscopy. Using this technique it cannot be stated whether the VPA forms dimers, 
like MA or whether it forms linear hydrogen bonded chains.
Maclean Davies116 discusses the uses and structural aspects of acids used in aprotic 
solvents, with emphasis on electrostatic interactions and effects due to hydrogen 
bonding. Discussion surrounds the different types of hydrogen bonding, 
z«/ramolecular (hydrogen bonding between atoms in the same molecule) and 
/>2fermolecular (hydrogen bonding forces between two molecules). Intramolecular 
bonding is more predominant in aprotic solvents because the solvent does not contain 
protons, which can undergo hydrogen bonding.
Intermolecular hydrogen bonding, as discussed above, can be observed when acids, 
bases, salts and hydrogen bonded ion pairs undergo self association. This could occur 
during the use of the acid monomers in the titration experiment. The unprotonated 
copolymer backbone P[MMA-DMAEMA] cannot form hydrogen bonds as the 
tertiary amino moieties have not been protonated, therefore lacks the proton required 
to form the electrostatic bond. Hydrogen bond formation can only occur within 
primary and secondary amines or quatemised tertiary amines.
Davis et a l U6 have discussed the self-association of acids in aprotic solvents. 
Although the acids in question were not the acids involved in this work, some general 
concepts of the behaviour of these acids were applicable to the potentiometric 
titrations of the acidic monomers. It was noted that in aprotic solvents, acids 
containing the functional group P(=0)0H form cyclic dimers, similar to carboxylic 
acids. For acids containing the group P(=0)(0H)2, like VPA, it was suggested that 
they formed linear aggregates of magnitude varying only with concentration and 
temperature. More importantly she stated “the tendency of phosphorus containing 
organic acids to form aggregates is very great -  it exceeds that of carboxylic acids"116. 
This statement is important because it confirms that hydrogen bonding could be
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attributed to the problems encountered during calibration and titrations involving 
VPA. If the acids monomers interacted electrostatically with neighbouring acidic 
molecules, then this will hinder protonation of the amine moiety,
Davis116 described how the water in the potentiometric cell affects the acids used. A 
small amount of water present will cause the breakdown of some or all of the 
hydrogen bonds. Davis explained that the break down of the hydrogen bonds would 
mean that some or all o f the protons would be available to undergo dissociation. The 
variability of the amount of water in the system caused observed fluctuations in the 
gradient of the calibration curve and also affected the accuracy of repeated 
experiments. This may explain why the potentiometric titrations performed in this 
section of work were so difficult to reproduce.
Bell and Arnold777 have discussed the effect of water on hydrogen bonding between 
acid molecules in solvents. They studied the effect of acid dimerisation in dry benzene 
and in wet (undistilled) benzene. They determined that the acid would hydrate with 
the water molecule in preference to self-dimerisation. Dimerisation would only occur 
when the molar concentration of acid in the solvent exceeded that of the water present 
in the system. Water may be absorbed from the atmosphere, or from the equipment. 
The only way to tiy to eliminate water from the system would be to repeat the work 
under inert conditions.
The use of acetonitrile and calibration of the potentiometric cell has been documented 
by Kolthoff et a l108,118 Kolhoff highlighted that even though perchloric acid behaves 
as a strong acid in acetonitrile, the potential of the glass electrode in solutions of 
perchloric acid was difficult to reproduce, due to hydrogen bonding interactions. This 
confirmed why the calibration of the electrodes (section 3.7.6 and section 3.7.7.) was 
so problematic and reproducibility of the results very difficult, but this information 
only came to light after the potentiometric titrations had been conducted.
Fritz119 also documented problems experienced when using acetonitrile as a solvent in 
titration experiments. Results were shown to be reproducible, but it was noted and 
also proven that small amounts of water in the titration caused a decrease in the 
sharpness of the endpoint and that solution of acetonitrile and perchloric acid was not
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stable on standing. This is the main factor for the electrolyte, acid and copolymer 
solutions being prepared daily. It is widely known that acetonitrile contains impurities 
and also readily hydrolyses with water to produce Me-C(0)NH2109. If left, a solution 
of perchloric acid in acetonitrile will deteriorate as the acetonitrile begins to hydrolyse 
resulting in changes of pH and conductance.
To summarise, the problems observed when calibrating the potentiometric cell have 
been concluded to be due to the presence of the hydrogen bonding between the acid 
monomers and this has been proven to exist by NMR spectroscopy, whilst also being 
documented in the literature108,116’118,119. The hydrogen bonding interactions contribute 
significantly to inhibiting the dissociation of protons within the acid monomers. 
Adverse effects also were observed from contamination of the potentiometric cell 
with H2O, which was though to cause dissociation of protonated molecules in the 
system, affecting the endpoint of the titration.
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This section of work was initially designed to determine the protonation constant of 
the acid-base reaction occurring between the acidic monomers and the copolymer. 
Detailed information would have given an understanding of strength of the 
electrostatic interaction required to protonate the quaternary copolymer with the three 
acidic monomers. As the results have shown it was not possible to achieve this goal 
due to difficulties in calibrating the potentiometric cell for the titration of the 
copolymers against the acidic monomers. The problems were attributed to hydrogen 
bonding interactions leading to the formation of dimers in aprotic solvents. The poor 
solvent-solute interactions between the dipolar aprotic acetonitrile with the individual 
acid monomers resulted the formation of dimers, as illustrated by NMR 
spectroscopy. Dimerisation of the acid monomers hindered the electrostatic attraction 
of the hydrogen atom to the electronegative nitrogen atom, preventing protonation of 
the copolymer.
The effects of hydrogen bonding within the acids and also the breakdown of hydrogen 
bonding by the presence of water, has been documented in the literature and has been 
discussed in detail by Maclean Davis116. This has given a significant insight into the 
problems caused by hydrogen bonding between protic monomers and also the 
problems that occur through the breakdown of the hydrogen bonding in a titration 
instigated by the presence of water.
The non-reproducibility of both the calibration and titration experiments was 
attributed to water entering the potentiometric cell. Water present within the 
potentiometric cell has caused variations in the endpoint of the titrations and has also 
been thought to cause dissociation of ionically bonded ionic monomers and also 
dissociation of protonated amino moieties. Water readily causes hydrolysis of 
acetonitrile and this is thought to be the predominant problem occurring throughout 
this experiment. Water is readily absorbed from the atmosphere and the glass surface 
of the potentiometric cell is a hydrophilic surface and readily absorbs water.
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The efficiency of the electrodes was thought to deteriorate from prolonged exposure 
to the acetonitrile solvent. Over a long period of time of usage and many titration 
experiments an overall loss of ions from the surface of the electrode was observed, 
through the decrease in sensitivity of the glass electrode viewed as a drifting of the 
calibration curve.
Protonation of the copolymers was achieved using perchloric acid, but again the 
system was unreliable due to calibration errors. Any data derived from those 
experiments could not be applied to the titrations using the acidic monomers as the 
experimental conditions were changed, i.e. the substitution of AgNC104 dissolved in 
propan- l-ol as the internal solution of the reference electrode.
To summarise, the failure of the potentiometric titrations was attributed to a 
combination of hydrogen bonding interactions within the dipolar aprotic acetonitrile 
causing dimerisation and the absorption of water by the system inhibining association 
of the acid monomers with the copolymer.
Determination of the protonation constant for the copolymer P [MMA-DMAEMA] 
could possibly be achieved if  the experiments were repeated using a modified 
potentiometric cell and the experiments were conducted under inert conditions.
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Incorporating the Model Quaternary Salts
4.1 Introduction
This chapter introduces the concept of incorporation of the three model systems into a 
primary matrix. The model systems have been designed to contain a labile additive to 
be incorporated into an adhesive system that can be mobilised upon the ingress of 
water into the system. The additive has the ability to be ‘activated’ at a later date 
when bond failure occurs, possibly through the formation of kissing bonds. At present 
kissing bonds are not detectable by conventional methods1. Therefore, failure is only 
detectable after delamination has occurred. Dissociation of the model system into a 
copolymer and an ionically bonded monomer, which can undergo polymerisation, will 
theoretically occur by the ingress of water, known to initiate delamination of adhered 
substrates78, into the interface between the substrate and the adhesive.
Three types of model system have been synthesised (Chapter 2) and this chapter will 
introduce the incorporation of the salts into a model epoxy matrix. The incorporation 
of the model systems through a blending process will be described and the discussion 
will highlight problems that occurred during the blending of the quaternary salts into 
the epoxy resin.
Testing of the adhesive matrix via three different techniques will be discussed; water 
uptake, dynamic mechanical thermal analysis, DMTA, and lap-shear analysis. Both 
the water uptake and the DMTA tests required the adhesive formulation to be made 
into plaques of uniform dimensions. Water uptake experiments were performed to 
determine the amount of de-ionised water absorbed by each individual system and 
also how the concentration of additive blended into the epoxy matrix would affect the 
amount of water absorbed by each adhesive system. As previously discussed (section 
1.14), knowing the amount of water absorbed by a system is fundamental to 
understanding how the adhesive system will perform and how the water will affect the 
stability of the molecular structure and morphology of the system. The de-ionised 
water used in the experiment was analysed regularly for leaching of the additive by 
Ultra-Violet (U. V.) spectroscopy and these results will be discussed.
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Mechanical analysis of the adhesive was performed by DMTA on thin adhesive 
plaques to determine the Tg of the individual adhesive systems. Tg determination will 
give information on the viable working temperature range of the adhesive matrix.
Tensile strength determinations have been performed using lap-shear joints bonded by 
the adhesive systems. The individual adhesive systems have been evaluated and the 
experimental testing has been expanded to incorporate the use of an organosilane 
primer, used in conjunction with the model adhesive systems. The tensile strength of 
each of the sample sets was tested and all analysis has been compared to the blank 
epoxy reference adhesive.
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4.2. Experimental
4.2.1 JrenaratiQiLDfP lag u esu  singLairEjioxy Matrix: Epikote 828 and Jeffamine 
D-230
The following experiments were designed to incorporate the model system into an 
Epikote 828 (Shell) matrix cured with Jeffamine D-230 (Huntsman). Epikote 828 
(Figure 4.1) is based upon the diglycidyl ether of fo'sphenol A, DGEBA, and has been 
discussed previously in section 1.11. Jeffamine D-230 (Figure 4.2) is a 
polyoxyalkylenediamine, which is used as a common aliphatic, primary amino curing 
agent for epoxy resins. The general reaction scheme for the reaction of primary 
amines and epoxy groups has been described previously (section 1.11.1).
Figure 4.1: Oligoemeric diglycidyl ether of 6/sphenol-A (DGEBA or BADGE)
Figure 4.2: Jeffamine D-230
4.2.2 Solubility Test- PlMMA-DMAEMA1+fVPAT and PfMMA- 
DMAEMAl+rMAr
P[MMA-DMAEMA]+[VPA]' (80:20), JEVPA8020, was mixed with Epikote 828 in a 
5ml vial.
P[MMA-DMAEMA]+[VPA]'(80:20), JEVPA8020, was mixed with Jeffamine D-230 
in a 5ml vial.
P[MMA-DMAEMA]+[VPA]' (80:20), JEVPA8020, was dissolved in 
dichloromethane in a 5ml vial.
P[MMA-DMAEMA]+[VPA]- (80:20), JEVPA8020, was dissolved in methanol in a 
5ml vial.
P[MMA-DMAEMA]+[MA]' (60:40) was dissolved in dichloromethane in a 5ml vial.
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P[MMA-DMAEMA]+[MA]' (60:40), JEMA6040, was mixed with Epikote 828 in a 
5ml vial.
PpVIMA-DMAEMA]+[MA]*(60:40), JEMA6040, was mixed with Jeffamine D-230 in 
a 5ml vial.
P[MMA-DMAEMA]+[MOEP]‘ (50:50), JEMOEP5050 was dissolved in 
dichloromethane in a 5ml vial.
P[MMA-DMAEMA]+[MOEP]‘ (50:50), JEMOEP5050, was mixed with Epikote 828 
in a 5ml vial.
P[MMA-DMAEMA]+[MOEP]'(50:50), JEMOEP5050, was mixed with Jeffamine D- 
230 in a 5ml vial.
4.2.3 Incorporation of PrMMA-PMAEMAflMAT into the Epoxv M atrix 
PjMMA-DMAEMA]+[MA]‘ (0.2g, 5 % of the total weight of the blank epoxy 
adhesive) (60:40), JEMA6040, was dissolved in dichloromethane (5ml). This solution 
was combined with pre-weighed Epikote 828, Mw > 700 (3.036 g, 75.9 % of total 
weight of the blank epoxy adhesive), followed by removal of the solvent by rotary 
evaporation at a temperature no greater than 30 °C. Jeffamine D-230 (0.964 g, 24.1 % 
of total weight of the blank epoxy adhesive) was mixed with the solution containing 
Epikote 828 and the MA salt for 15 minutes and then poured into a large PTFE dish. 
The PTFE dish was placed into a vacuum oven at room temperature under vacuum 
(oil pump). The vacuum caused the solvent bubbles to be pulled to the surface of the 
epoxy resin. Quickly releasing the vacuum caused a rapid increase in pressure, 
bursting any bubbles present. This process was repeated until no bubbles were 
observed on the surface of the resin. The cast was left to cure for 18 hours at room 
temperature, followed by heating at 80 °C for 24 hours120,121.
4.2.4 Formulation of the Epoxv Matrix
Method 4.2.3 was scaled up by a factor of 3 and this formed the final experimental 
method used for the formation of epoxy plaques incorporating the quaternary salt.
P[MMA-DMAEMA]+(MA]’ (0.6 g, 5 % of the total weight of the blank epoxy 
adhesive) (50:50), JEMA5050, was dissolved in dichloromethane (10 ml). The salt 
solution was combined with Epikote 828, Mw > 700, (9.108 g, 75.9 % of the total 
weight of the blank epoxy adhesive), followed by removal of the solvent by rotary
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evaporation at a temperature no greater than 30 °C. Jeffamine D-230 (2.892 g, 24.1 % 
of the total weight of the blank epoxy adhesive) was mixed with the Epikote 828 
resin, stirred for 15 minutes and then poured into a large PTFE dish. The blended 
adhesive solution was degassed and cured as stated previously (section 4.2.3.),
This experiment was repeated to produce plaques for the other P[MMA- 
DMAEMA]+[MA]' salts, using the same formulation. After curing, 6 small sample 
plaques (20 x 10 x 2 mm3) were cut from the large circular plaque. The plaques were 
dried over phosphorus pentoxide under vacuum until constant weight was achieved, 
usually after a period of 8 days. A long plaque (2 x 5 x 50 mm3) was cut from the 
large circular plaque, dried over phosphorus pentoxide, and tested using DMTA.
4.2.5 Incorporation of PrMMA-DMAEMAl+fVPAT into the Epoxv Matrix
P[MMA-DMAEMA]+[VPA]" (0.6 g, 5 % of the total weight of the blank epoxy 
adhesive) (50:50) was dissolved in methanol (10 ml). This solution was then 
combined with Epikote 828, Mw > 700, (9.108 g, 75.9 % of the total weight of the 
blank epoxy adhesive) and stirred for 15 minutes. The solvent was removed from the 
mixture by rotary evaporation at a temperature no greater than 30°C. Jeffamine D-230 
(2.892 g, 24.1 % of the total weight of the blank epoxy adhesive) was mixed with the 
Epikote 828 and then poured into a large PTFE dish. The cast was degassed and 
cured as stated in section 4.2.3,
The experiment was repeated to produce plaques for the three other P[MMA- 
DMAEMA]+[VPA]' salts following the above experimental procedure.
4.2.6 Plaque Preparation usingL YarvinsLOnateoiarv Salt Concentrations
The experiment was expanded to investigate the effects of varying the concentration 
of salts present within the plaques. Plaques were made with increasing concentrations 
of 2.5 %, 5 %, 10%  and 20 % (based on the total weight of the blank epoxy adhesive 
without salt addition) of the quaternary salts P[MMA-DMAEMA]+[MA] (60:40), 
JEMA6040. Following the experimental procedure in section 4.2.4, the plaques were 
produced using the quantities below:
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2.5%: P[MMA-DMAEMA]+[MA]' (0.3 g, 2.5 % of the total weight of the blank 
epoxy adhesive) (60:40), JEMA6040, Epikote 828 (9.108 g, 75.9 % of the total 
weight of the blank epoxy adhesive) and Jeffamine D-230 (2.892 g, 24.1 % of the 
total weight of the blank epoxy adhesive).
5%: As experiment 4.2.4.
10%: P[MMA-DMAEMA]+pvlA]' (1.2 g, 10 % of the total weight of the blank epoxy 
adhesive) (60:40), JEMA6040, Epikote 828 (9.108 g, 75.9 % of the total weight of the 
blank epoxy adhesive) and Jeffamine D-230 (2.892 g, 24.1 % of the total weight of 
the blank epoxy adhesive).
20%: P |MMA-DMAEMA]+[MA]' (2.4 g, 20 % of the total weight of the blank epoxy 
adhesive) (60:40), JEMA6040, Epikote 828 (9.108 g, 75.9 % of the total weight of the 
blank epoxy adhesive) and Jeffamine D-230 (2.892 g, 24.1 % of the total weight of 
the blank epoxy adhesive)
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4.3 Water Uptake Experiment
The test plaques, used for water absorption testing, were designed to conform to both 
the DERA (now QinetiQ) procedure for water uptake measurements122 and the ASTM 
standard: D5229/D5229M76. The sample plaques were cut to the following 
dimensions; 20 (length) x 10 (width) x 2 mm3 (height). The plaques were dried over 
P2O5, under a low vacuum, (vacuum desiccator, evacuated using a water pump) until 
the plaques had reached a constant weight, normally after a period of approximately 8 
days. The dimensions of the plaques were measured with callipers accurate to 0.1 mm 
and recorded.
Six desiccators were cleaned, rinsed with acetone, then de-ionised water and dried. 
The desiccators were filled with de-ionised water. However, the volume was not 
controlled. Where possible, metal grids were placed into the desiccators for the vials 
to stand on. The metal grids were removed from the desiccator in the cases where the 
top of the lip of the sample vials, when placed upon the grids, were higher than the 
level of the de-ionised water. This was done to ensure that the vials and plaques were 
fully submersed in the de-ionised water.
Six sample plaques were made for each of the quaternary salts incorporated into the 
epoxy matrix. All sample plaques were dried to constant weight, and then weighed. 
Five plaques from each salt system were placed into two 7 ml glass vials of height 50 
mm and diameter 25 mm. Three plaques were placed into the first vial, and two in the 
second. A sixth plaque was kept to one side for comparison purposes and stored over 
P2O5 under low vacuum (vacuum desiccator, evacuated using a water pump). The 
plaques, placed upright in the vials were fully immersed into the de-ionised water in 
the desiccator. Two sets of plaques (four vials), containing two different model 
systems of the same monomeric nature, were placed into each desiccator (Table 4.1). 
Five blank plaques, containing no salt additives, were also produced and these plaques 
were tested under the same conditions as the test samples containing the salt additives.
The plaques were weighed before immersion, after 1 hour, 2 hours, 4 hours, 8 hours, 
24 hours, 2 days, 4 days, 8 days and then weekly until the weight of the plaques had 
reached equilibrium. Excess water was removed from the surface of each plaque
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using a tissue prior to weighing. The sample plaques were weighed on a Mettler 
College B154 balance, accurate to four decimal places, which was calibrated weekly 
and had an error of ± 0.0001 g. The sample was returned to the vial and after all the 
samples in the vial had been weighed, the vial was returned to the desiccator. Each 
plaque was removed from the water for a maximum of 2 minutes.
The de-ionised water in each desiccator was analysis by U.V. spectroscopy, using a 
Cecil 800 U.V. Spectrometer. Samples were taken after 24 hours, 2 days, 4 days, 8 
days and every subsequent 7 days. De-ionised water was used as the reference. 
Analysis of the de-ionised water was used as a method to observe if leaching of the 
samples occurred, through qualitative analysis. The volume of de-ionised water used 
to fill the desiccators was not determined. Therefore, quantitative analysis of any 
dissolved material was not possible. The two samples sets of plaques had to be 
combined into each desiccator, for practical reasons.
Table 4.1: Sample sets of the adhesive systems analysed in the water uptake 
experiments at room temperature
Desiccator Sample Set Concentration of Total
Incorporated number of
Quaternary Salt Plaques per
(%) Desiccator
1 Blank 0 5
P[MMA-DMAEMAf[MA]' (60:40) 2.5 5
2 P[MMA-DMAEMA]+[MA]' (50:50) 5 5
P[MMA-DMAEMA1+[MA]‘ (60:40) 5 5
3 P[MMA-DMAEMA]+[MA]' (70:30) 5 5
P[MMA-DMAEMAl+fMA]' (80:20) 5 5
4 P[MMA-DMAEMA]+rVPA]‘ (50:50) 5 5
P[MMA-DMAEMAf rVPAl' (60:40) 5 5
5 P[MMA-DMAEMA]+[VPA]‘ (70:30) 5 5
P[MMA-DMAEMA]+[VPA]‘ (80:20) 5 5
6 P[MMA-DMAEMA]+[MA]' (60:40) 10 5
P[MMA-DMAEMA]+[MA]' (60:40) 20 5
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4.4 Dynamic Modulated Thermal Analysis
Plaques of dimensions 5 x 2 x 32 mm3 were analysed using a Polymer Laboratories 
DMTA Mark n , single point bending, dual cantilever at a frequency of 2 Hz and 20 
Hz at a temperature range from 293.15 K up to a maximum of 413.15 K at a ramp rate 
of 10 K m in '1.
4.5. Lan-Shear Joint Formation and Testing of the Joint
4.5.1 Preparation of the Aluminium Substrate
Lap-shear joints were prepared using clad aluminium alloy 2024-T3, of thickness 0.5 
mm The aluminium was cut into strips of metal 100 ±1.5  mm (length) x 25 ± 0.25 
mm (width), as specified in the British Standard Institute guidelines: BS 5350; Part 
C5123
The aluminium strips had to have an overall flatness, which did not deviate more than 
1.00 mm across the length of the specimen to be bonded, and an overall flatness of 0.5 
mm over the length and width of the area to be bonded. The length of overlap area to 
be adhered was 25 ± 0.5 mm. The thickness of the adhesive was controlled by the use 
of glass ballotini spheres of size 180 - 250 pm.
The aluminium strips were degreased before pre-treatment using aqueous detergent 
and Scotch-Brite pads, followed by rinsing with deionised water and then drying with 
paper tissues. The area to be adhered on the aluminium strips was grit blasted using 
50 pm aluminium oxide in air and the metal was bonded within 24 hours of 
mechanical abrasion.
4.5.2 Preparation of the Organosilane Solution
A 1% aqueous solution of y-glycidoxypropyltrimethoxysilane (y-GPS) was prepared 
as described by Digby et a l96 by mixing y-GPS 97% (1.03 g, 4.36 mmol) in H2O (100 
ml). The pH of the solution was checked using universal indicator paper and it was 
adjusted to pH 5.0, when necessary, using acetic acid. The aqueous primer solution 
was poured into a polyethylene beaker containing a Teflon magnetic bar and was
OQ
stirred constantly for 60 minutes The organosilane solution was applied to the area 
of the substrate to be bonded immediately after the stirring was completed. The silane
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solution was painted onto the substrate constantly for 10 minutes, with a paintbrush,
ensuring that the surface was kept wet for the duration of application. The sample was
lifted vertically and excess silane solution was removed by tapping the aluminium
strip on a paper towel. The samples were immediately inserted into a preheated drying
oven (93 °C) for 60 minutes. The aluminium strips were removed from the oven and
left to cool to below 30 °C and then bonded as soon as possible (section 4.5.7) using
the adhesive formulations described (section 4.5.3 - 4.5.6).
4.5.3. Incorporation of PfM M A-PM AEM Af JMAl Quaternary Salts in to an 
Epoxv Adhesive Matrix
The P[MMA-DMAEMA]+[MA]‘ salts, JEMA505 JEMA6040, JEMA7030 and 
JEMA8020 were incorporated into the epoxy matrix as described previously in 
section 4.2.3.
4.5.4. Incornoration of PfMMA-DMAEMA1+rV?Al' Q uaternary Salts into an 
E po xv  Adhesive M atrix
The P[MMA-DMAEMA]+[VPA]" salts, JEVPA505, JEVPA6040, JEVPA7030 and 
JEVPA8020 were incorporated into the epoxy adhesive as described previously in 
section 4.2.5., using the following reactant quantities:
JEVPA salt (0.2g, 5 % of the total blank epoxy adhesive weight), 
methanol (10ml)
Epikote 828 Mw > 700 (3.036 g, 75.9 % of the total blank epoxy adhesive weight) 
Jeffamine D-230 (0.964 g, 24.1 % of the total blank epoxy adhesive weight).
4.5.5 Incorporation of PTMMA-DMAEMAl*fMAr Q uaternary Salts in Varing
Adhesive formations were made with increasing concentrations of JEMA6040: 2.5 %, 
10 % and 20 % of the total blank epoxy adhesive weight. Following the previously 
described method (section 4.2.3), the plaques were produced using the quantities 
below:
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2.5 %: JEMA6040 (0.10 g, 2.5 % of the total blank epoxy adhesive weight), Epikote 
828 (3.036 g, 75.9 %) and Jeffamine D-230 (0.964 g, 24.1 % of the total blank epoxy 
adhesive weight).
5 %: See experiment 4.5.3.
10 %: JEMA6040 (0.40 g, 10 % of the total blank epoxy adhesive weight), Epikote 
828 (3.036 g, 75.9 %) and Jeffamine D-230 (0.964 g, 24.1 % of the total blank epoxy 
adhesive weight).
20 %: JEMA6040 (0.80 g, 20 % of the total blank epoxy adhesive weight), Epikote 
828 (3.036 g, 75.9 % of the total blank epoxy adhesive weight) and Jeffamine D-230 
(0.964 g, 24.1 % of the total blank epoxy adhesive weight).
4.5.6. Reference Lap-Shear Joints
Epikote 828 (3.036 g, 75.9 %) was mixed with Jeffamine D-230 (0.964 g, 24.1 %) 
followed by continuous stirring for 10 minutes, and then was poured into a glass petri 
dish. The blank resin was degassed and cured as stated in section 4.2.3.
4.5.7 Bonding of the Lan-Shear Joints
The following adhesive formulations were produced to bond the aluminium strips to 
be used to determine the tensile strengths of the adhesive systems:
• P[MMA-DMAEMA]+[MA]‘ (50:50), (60:40), (70:30), and (80:20);
• P[MMA-DMAEMA]+[VPA]' (50:50), (60:40), (70:30), and (80:20);
• P[MMA-DMAEMA]+[MA]‘ (60:40) plus y-GPS primer;
• P[MMA-DMAEMA]+[VPA]' (60:40) plus y-GPS primer;
• Blank -  No additive.
The preparation of the individual adhesives has been described previously (section
4.5.3 -  4.5.6), The lap-shear joints were bonded at 21 °C and at a humidity of 52 %. 
Each adhesive formulation was applied to one side of the substrate, of an exact area of 
25 ± 0.5 mm x width of the substrate. Ballotini spheres of size 180 - 250 pm were
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sprinkled on top of the applied adhesive, using a paintbrush, to regulate the thickness 
of the adhesive layer. A second piece of the aluminium substrate was overlaid on top 
of the applied adhesive. Two bulldog clips were used to hold the lap-shear joint 
together and apply uniform pressure across the bonded area until the adhesive was 
fully cured. The joints were cured at room temperature for 18 hours, followed by 100 
°C for 24 hours. An excess adhesive was removed from the joints, after curing, by 
filing the edges smooth.
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4.6 Results and Discussion
4.6.1 W ater Uptake Experiment
Initial solubility tests, to determine whether the quaternary salt would dissolve in the 
epoxy resin, polyoxyalkylenediamine or dichloromethane, showed that it would not 
be possible to dissolve simply the salts in the starting material. Instead an intermediate 
solvent was used which would dissolve the salt, and allow the salt solution to be 
soluble or miscible in both the epoxy and amine solutions. Dichloromethane was 
selected as the solvent system for the MA salts, while methanol was used to 
incorporate the VPA salts into the epoxy resin. It was discovered that the MOEP 
quaternary salt would not dissolve in any solvent except H2O. As water is assumed to 
be the root cause of failure of adhesively bonded substrates, the problem that this 
thesis is trying to address, then the use of H2O was not a feasible option to use as a 
solvent. Instead, the research focused on the incorporation of the MA and VPA 
quaternary salts into the epoxy matrix.
Plaques were made consisting of the individual salts incorporated into the epoxy 
matrix and were totally immersed in de-ionised water over a period of time. The 
plaques were assessed for the amount of water that could diffuse through the matrix, 
by recording any changes in the mass of the individual plaques. Determination of the 
Fickian diffusion coefficient for each system involved the testing of a minimum of 5 
plaques per sample set, followed by calculating the mean diffusion coefficient and the 
standard deviation of each sample set to ensure statistical accuracy. The diffusion 
coefficients were calculated using Fick’s second law of diffusion, as previously 
discussed (section 1.14.1). The results can be seen in Table 4.2.
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Table 4.2: Mean diffusion coefficients of water diffused into the model adhesive 
systems containing the quaternary salts MA and VPA at room temperature.
Sample
Mean
Diffusion
Constant
KC10-6)
Mean
Sample
Thickness
m(10'3)
Mean % 
Mass 
Absorbed at 
Equilibrium 
Ms
Mean 
Diffusion 
Coefficient 
D (1012
mV1)
Mean
Standard
Deviation
R2
Blank 2.0 1.66 0.3565 6.4 0.991
JEMA5050 5 % 2.7 2.39 0.5492 4.6 0.991
JEMA6040 5 % 2.8 2.27 0.5126 5.9 0.992
JEMA7030 5 % 2.4 1.99 0.4255 6.5 0.991
JEMA8020 5 % 2.6 2.00 0.4423 6.7 0.991
JEVPA5050 5
% 4.3 1.50 0.3471 33.0 0.994
JEVPA6040 5
% 5.8 1.80 0.4417 39.0 0.984
JEVPA7030 5
% 4.4 2.11 0.4639 19.0 0.986
JEVPA8020 5
% 5.3 1.77 0.3911 38.0 0.993
JEMA6040 2.5
% 2.7 2.11 0.4658 7.5 0.985
JEMA6040 5 % 2.8 2.27 0.5126 5.9 0.992
JEMA6040 10
% 3.0 1.46 0.3009 21.0 0.993
JEMA6040 20
% 6.8 2.37 0.5730 28.0 0.996
An illustration of the diffusion curves obtained from water uptake measurement of 
epoxy plaques containing 5% of JEMA505 can be seen in Figure 4.3. The shapes of 
the water diffusion curves show classical second order Fickian diffusion, an initially 
linear slope followed by tailing of the curve until equilibrium where the curve flattens 
out. The curves from the five plaques are close together indicating no significant 
variations between the individual plaques. This series of curves was characteristic for 
all the plaques containing 5 % of the MA quaternary salts.
The mean diffusion coefficient, D, for water within the blank epoxy plaques was 
determined to be 1.45 x 10‘12 ± 0.978 x 10'12 m2s '\  This value was used as the 
reference value, to which all other values were compared. The sample set of the MA 
quaternary salt complexes were analysed first. Addition of 5 % of JEMA5050 caused 
a decrease in the diffusion of water (4.6 x 10'12 mV1) through the plaques and this
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19 9 1also occurred for plaques containing JEMA6040 (5.9 x 10' m s ' ). However, 
JEMA7030 and JEMA8020 had slightly higher diffusion coefficients than the 
reference plaques and from this information a trend of increasing diffusion of water 
through the plaques was observed as the ratio of methacrylic acid reduced within the 
MA salts (Figure 4.4).
Figure 4.3: W ater uptake measurements for five epoxy plaques containing 
JEMA5050 at a 5 % concentration at room temperature
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Figure 4.4: Comparison of the diffusion coefficients of water through the plaques 
containing the MA salts at room temperature
JEMA6040Blank JEMA5050 JEMA7030 JEMA8020
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Changes in the diffusion of water through the plaques due to the increase in 
concentration of the additive was investigated by increasing the concentration of the 
MA salt within the epoxy matrix (2.5%, 5%, 10% and 20%) (Figure 4.5, Figure 4.6). 
The addition of 2.5% of JEMA6040 caused a slight increase in the diffusion 
coeffiecient, although the addition of 5% of the salt resulted in a decrease in diffusion 
coefficient compared to the blank. The slight variation between the two samples may 
be due to blending of the epoxy resin and the salts. It is assumed that the plaques were 
well blended but it is possible that localised areas of a higher concentration may have 
occurred. The increase in the concentration of JEMA6040 to 10% and 20% (Figure 
4.6) showed an increase in the diffusion coefficient of water with an increase in salt 
concentration. The spread of the data points from the five plaques became slightly 
wider as the concentration of the salt increased from 2.5 % to 20 % and an example of 
the spreading can be seeing in Figure 4.5. It can be concluded that an increase in 
concentration of the JEMA6040 above 5% will lead to a significant increase in the 
diffusion of H2 O through the plaque. Therefore, the salt concentration should remain 
less than 5% unless higher salt concentrations show superior mechanical properties.
Figure 4.5: W ater uptake measurements for five epoxy plaques containing 
JEMA6040 at a 10 % concentration at room temperature
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Figure 4.6: Comparison of the mean diffusion coefficients of water through the 
model adhesive matrix containing JE6040MA in concentrations of 2.5 %, 5 %, 
10 % and 20 % at room temperature
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The results for the VPA salts (Figures 4.7, 4.8 and 4.9) were erratic. The diffusion 
curves from each set of 5 plaques were widely spread (Figure 4.8) and some splitting 
of results into two diffusion curves has been observed (Figure 4.7). A prime example 
of split results is the addition of JEVPA6040 to the epoxy resin (Figure 4.7). The two 
separate curves were representative of two different types of diffusion occurring. This 
may be due to either phase separation of the salt in the epoxy plaque leading to patchy 
areas of salt, epoxy or blended regions of both compounds, or could be due to poor 
mixing of the epoxy, amine and salt, producing regions of cured and uncured resin.
I
1 —rim
----- - 1
hn.11 1 \\
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Figure 4.7: W ater uptake measurement for five epoxy plaques containing 
JEVPA6040 at a 5 % concentration at room temperature
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Figure 4.8: W ater uptake measurements for five epoxy plaques containing 
JEVPA8020 at a 5 % concentration at room temperature
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There was a significant increase in diffusion coefficient of water (Figure 4.9) through 
plaques containing JEVPA5050, JEVPA6040, and JEVPA8020 salts compared to the 
blank epoxy plaques. However, JEVPA7030 had a slight decrease in diffusion 
coefficient compared to the JEVPA6040 and JEVPA8020 quaternary salts. This could 
have been due to the phase separation of the copolymers occurring within the epoxy 
matrix during the blending of the adhesive system. The VPA quaternary salts did not 
blend very well with the epoxy resin. Clumps of the salt or possibly copolymer were 
observable within the cured epoxy matrix. These lumps visibly swelled through the 
duration of the water uptake experiment. The decrease in the diffusion coefficient of 
water through the plaques containing JEVPA7030 (Figure 4.9) may have been due to 
differences in steric conformation of the quaternary salt formed using the copolymer 
JE7030. Similar variations have been seen previously for the results of the 
JEMA7030 salt (Figure 4.4), when compared to the other MA quaternary salts.
Figure 4.9: Comparison of the mean diffusion coefficients of water through the 
model adhesive matrix containing VPA quaternary salts at a concentration of 5
%
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Comparison of the quaternary salts containing the copolymer backbone JE5050 
highlighted a decrease in diffusion coefficient for adhesive systems containing 
JEMA5050 and JEVPA5050 at a concentration of 5 %. The JEMA5050 salt system 
showed a 27.2 % decrease in diffusion coefficient relative to the epoxy sample.
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JEVPA5050 showed a large increase in the diffusion coefficient (48.3 %) compared 
to the blank, reference plaque (Figure 4.10). The comparison of the VPA and MA 
results reflects the results in table 4.2, where all the adhesive plaques containing VPA 
salts show a significant increase in the mean diffusion coefficient, when compared to 
the blank or the plaques containing the MA salts. This effect can be attributed to the 
increase in hydrophilicity of the plaques containing the VPA salts. The VPA 
monomers contain an extra hydroxyl group capable of undergoing hydrogen bonding 
interactions with water. The covalent bonding of the hydroxyl group to phosphorus is 
greater that to carbon, which means that the hydrogen124 atom of the hydroxyl group 
will be more electropositive and susceptible to hydrogen bonding.
Figure 4.10: Comparison of the diffusion coefficients of water through the model 
adhesive matrix systems containing JEMA5050 and JEVPA5050 at a 
concentration of 5 %, at room temperature
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4JL2 Analysis Qf .Water Samples f rm  tMMMsLllxitete
Experiments
Samples of the de-ionised water were taken at specific intervals during the water 
uptake experiment to determine if the model system either dissolved, leached out of 
the plaques or was displaced from the epoxy matrix as water diffused into the plaques. 
Water samples were taken after 23, 48, 96 and 109 hours, and then after intervals of 7 
days. The water was taken from the desiccators after the plaques were weighed and 
was analysed by U.V. spectroscopy.
Figure 4.11: U.V. spectroscopic analysis of quaternary salts JEMA7030 and 
JEVPA7030, and monomers MA and VPA dissolved in water
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The concentrations of the samples shown above (Figure 4.11) were as follows:
JEMA7030: 0.48 mg in 50 ml H2 0;
JEVPA7030: 0.47 mg in 50 ml H2 0;
MA: 2.5mg in 50 ml of H20  (1.45 pM);
VPA: 10.9mg in 50 ml of H20  (5.03 pM).
The adhesive plaques containing the model system were placed into desiccators in 
pairs e.g. JEMA5050 and JEMA6040 (Table 4.1). This meant that the results from 
the U.V. spectroscopic analysis could only be used to determine if dissolving or
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leaching of the monomers, copolymers, or both, occurred during the duration of the 
experiment. The results gave only qualitative information. Quantitative analysis of the 
concentration of the dissolved material could not be determined, because the quantity 
of water in the desiccators was unknown and sample sets were mixed in desiccators. 
Pure de-ionised water was used as the blank, also referred to as the reference sample. 
A blank sample was run prior to every U.V. spectral analysis.
Figure 4.12: U.V. spectroscopic analysis of water taken from water uptake 
experiments of epoxy adhesive plaques containing the quaternary salts 
JEMA7030 and JEMA8020 at room temperature
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Analysis of the water samples taken over various time intervals proved that material
dissolved or leached into the de-ionised water from the epoxy plaques. Examples of 
some of the results taken during the experiment can be seen in Figure 4.12 and 
Figure 4.13. Unfortunately, in all cases, the U.V. absorbance peak of the dissolved 
material was just outside the wavelength range of the equipment. U.V. spectroscopic 
measurement below this wavelength was not possible, as the instrument was not able 
to measure below 2 0 0  nm.
Two points can be concluded from the U.V. spectra of dissolved material from the 
epoxy plaques containing the MA and VPA quaternary salts. Firstly, the spectra 
showed that the diffusion of water into the epoxy matrix does cause dissolving, 
leaching or displacement of material from the plaques, although the mechanism for
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this cannot be determined. Secondly, the spectra for both the VPA and MA salts 
illustrated that an increase in the absorbance of the compound at a specific 
wavelength was not time dependent. High absorbances were observed at 23, 48 and 
358 hours for the JEMA7030 and JEMA8020 salts (Figure 4.12). Weaker 
absorbances were observed for samples taken from the same desiccator at later time 
intervals. Comparison of the JEMA7030 and JEMA8020 absorbances with the 
reference spectra (Figure 4.11) indicated that the absorbances between 230 -200 nm 
could be due to either the MA monomer or the salt. Differentiation between the two 
compounds was very difficult. The decrease in the height of the absorbance peak (a 
decrease in concentration) could be due to settling or adsorption of the dissolved 
molecules to the bottom or sides of the desiccator. The water in the desiccator was not 
stirred and was disturbed as little as possible during the experiment. Further 
experimentation is needed, firstly, to see whether the MA quaternary salt will undergo 
dissociation in water and how the salt behaves before it is incorporated into the 
adhesive system. The incorporated adhesive system needs to be analysed by 
alternative methods to determine what is dissolving or leaching (monomer, copolymer 
or both) from the epoxy plaques and the mechanism of how the dissolution or 
leaching is occurring.
Figure 4.13: U.V. spectroscopic analysis of water taken from the desiccator 
containing epoxy plaques incorporating the quaternary salts JEVPA7030 and 
JEVPA8020 at room temperature
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Leaching was also observed from the series of U.V. spectra of the epoxy plaques 
containing the VPA quaternary salts (Figure 4.13). Variation in the absorption peak 
of the dissolved material has shown that the concentration of the dissolved molecules 
is not time dependent and this was attributed to the reasons previously described. The 
only other trace contaminants that could leach out of the plaques would be residual 
NaOH and epichlorohydrin, by-products from the synthesis of DGEBA.
4,6-3 Py.nami^Mechanica! I h s n n a lA a a M s i.  d m t a
Dynamic Mechanical Thermal Analysis was used as a mechanical test to determine 
the Tg of the epoxy adhesive matrix containing the MA and VPA quaternary salts. 
Thin strips of the material were produced from the adhesive formulations used to 
form the plaques for the water uptake experiment.
Table 4.3: DMTA results for epoxy plaques containing MA quaternary salts at a 
concentration of 5 %
Sample
Tg (°C) at a 
frequency of 2 Hz
Tg (°C) at a 
frequency of 20 Hz
Blank 90 97
JEMA5050 6 8 74
JEMA6040 76 80
JEMA7030 93 1 0 0
JEMA8020 83 89
Figure 4.14: DMTA results for the epoxy adhesive systems incorporating the MA
salts at a concentration of 5 %
■  Tg at a frequency o f 2 Hz
■  Tg at a frequency of 20 Hz
JEMA5050 JEMA6040
Sample Set
JEMA7030Blank JEMA8020
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Figure 4.15: Tg determination of the blank epoxy matrix using DMTA at a 
frequency of 2Hz and 20Hz
- 4.510 . 0 -
9 . 5 -
9 . 0 - - 3.5
e.s-
- 3 .0
- 2 .5
7 . 0 -
6 . 0 -
5 . 5 -
5 - 0 -
160SO 100
T em p era tu re  (*C>
604020
Figure 4.16: Tg determination of the epoxy matrix incorporating 5 % of the 
quaternary salt JEMA7030 using DMTA at a frequency of 2Hz and 20 Hz
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Analysis of the data for the incorporated MA quaternary salts (Table 4.3, Figure
4.14) showed a significant decrease in Tg after the addition of the salts to the epoxy
matrix. Only JEMA7030 showed an overall increase in Tg (93°C, 100°C). This glass
transition was greater than the Tg of both JEMA6040 and JEMA8020. If these data
were omitted, then a trend of increasing Tg with a decrease in the MA/DMAEMA
ratio within the salt was observed. This conclusion mirrored the trend observed when
the Tg of the MA quaternary salts was analysed by MDSC (section 2.8.1).
DMTA analysis of the blank epoxy sample (Figure 4.15) produced a classical curve, 
where a decrease in the modulus, E, occurs as tanS increases. However, during the 
DMTA testing of the epoxy formulations containing MA and VPA salts it was noticed 
that as tan 5 of the sample for both bending frequencies, 2 and 20Hz, progressed 
nearer the Tg of the adhesive formulation, scattering of the data points occurred 
(Figure 4.16). The scattering was attributed to the sample swelling due to the increase 
in temperature of the system as the experiment proceeded, causing the plaque to slip 
and move in the clamps as the cantilever oscillated125.
Addition of the quaternary salts to the epoxy resin may have initiated side reactions, 
either at the point of the initial curing of the epoxy matrix using Jeffamine D-230 or 
upon heating o f the adhesive samples during DMTA analysis. Possible reactions that 
could have occurred include:
♦ acid initiated curing of the epoxy resin, through ring opening of the epoxide 
moiety by H*;
♦ possible catalysis of ring opening of the epoxy ring by unreacted tertiary 
amino side chains of the copolymer, which could aiding in increasing the rate 
o f cure;
♦ retardation of cure may occur if the curing agent, in this instance Jeffamine D- 
230, a primary amine, became protonated through H^ transfer from the 
quaternary salt system (primarily through reformation o f the acid monomer), 
effectively forming a partial salt.
The increase in temperature during the experiment may have initiated physical and 
chemical changes to occur within the adhesive systems. The increase in temperature
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during the experiment would cause the material to change from a glassy state to a 
rubbery stage. The molecules within the system would have increased kinetic energy, 
which would lead to increased mobility of the polymeric chains within the system. 
This increase in mobility of the polymeric chains means that there is an increased 
chance of side reactions occurring between the quaternary salt, the copolymer chain, 
the acidic monomers and the epoxy resin.
The DMTA curves could have been used to determine whether phase separation of 
the blended adhesive systems had occurred. Any phase separation in the cured 
adhesive matrix would be observable by multiple tan 8 transitions, indicative of Tgs 
occurring at different temperatures within the one system. Three possible Tgs could be 
theoretically observed. A Tg for the quaternary salt, a second Tg for the epoxy resin 
and possibly, a third Tg may have been observed if  thermal polymerisation of the acid 
monomer occurred. Multiple Tgs were not observed for the epoxy adhesive containing 
the MA and VPA salts. However, if  multiple transitions did occur, they would have 
been masked by the in the scattering of the data points from the swelling of the 
adhesive plaques.
Slippage of the sample could have been minimised by using the DMTA in the shear 
mode, where the sample is placed vertically between the clamps and is lightly adhered 
to the clamps along the z-axis of the sample. Unfortunately, the equipment was not 
available to do this and it would not have been wise to change the experimental 
conditions part way through as this would affect the final results.
Table 4.4: DMTA Analysis of epoxy plaques containing VPA quaternary salts at 
a concentration of 5 %
Sample Tg (°C) at a frequency of 2Hz Tg (°C) at a frequency of 20Hz
Blank 90 97
JEVPA5050 68 69
JEVPA6040 93 100
JEVPA7030 81 91
JEVPA8020 96 99
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Figure 4.17: DMTA testing of an epoxy matrix incorporating the VPA 
quaternary salts at a concentration of 5 %
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I
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0
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Consistent results were not achieved from DMTA analysis of VPA salts blended into 
the epoxy resin (Table 4.4, Figure 4.17). This was attributed to the inconsistent 
mixing of the epoxy-salt solution or to phase separation, causing aggregation of the 
VPA salts in the epoxy resin during blending. The aggregation resulted in the 
formation of white solid lumps. It is not known whether the whole of the VPA salts 
dropped out of solution or separation of the acidic monomer and copolymer occurred 
causing the methacrylate copolymer to drop out of solution to leave the VPA 
monomer dissociated within the epoxy resin. Further analysis of the system is 
required and may be achieved using XPS, X-ray photoelectron spectroscopy, to 
determine whether the VPA monomer had migrated into the epoxy resin or was still 
associated to the quaternary copolymer.
Table 4.5: DMTA results for epoxy plaques containing increasing concentration 
of JEMA6040
Sample
Tg (°C) at a frequency of 
2Hz
Tg (°C) at a frequency of 
20Hz
Blank 90 97
JEMA6040 2.5% 82 92
JEMA6040 5% 76 80
JEMA6040 10% 80 8 6
JEMA6040 20% 78 82
I Tg at a frequency of 2 Hz 
I Tg at a frequency o f 20 Hz
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Figure 4.18: DMTA results for epoxy plaques containing increasing 
concentrations of JEMA6040
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Again, addition of the quaternary salt JEMA6040 (Figure 4.18) caused a decrease in 
the Tg of the system compared to the blank. There was a noticeable decrease in the Tg 
of the system as the concentration of the additive was increased from 0 to 5% (Table 
4.4). However, at high concentrations of the salts (10% and 20%) the Tg values 
fluctuate marginally (+4°C/-2°C). Therefore, any addition of the MA quaternary salts 
above the concentration of 5% would give little change in the Tg of the system. 
Therefore, it can be concluded that no changes to cross-link density of the structure of 
the matrix occurred above the 5% concentration. In all cases, the addition of either the 
VPA or MA salts to the epoxy matrix caused a decrease in the Tg and this was 
expected.
ITg at a frequency o f 2 Hz 
I Tg at a frequency o f 20 Hz
,
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4.6.4 Lan-Shear Testing of the Enoxv Adhesive Systems Incorporating the 
Quaternary Salts
The adhesive system, comprising of an epoxy matrix blended with 5% of one of the 
salts, was used to bond aluminium strips together to form lap-shear joints. Lap-shear 
testing is a simple technique used to determine the tensile strength of the adhesive 
bond between two substrates. The test is based on the adhesion of two substrates of 
known standardised dimensions, by an adhesive, with a bonded overlap region of 
known area and a known bond line thickness in the range 0.10-0.15 mm. The tensile 
strength of the lap-shear joints was measured on an Instron 5500R tensile test 
machine, where each end of the lap-shear joint was tightly held in place between 
gripped jaws. The jaws moved slowly apart pulling the lap-shear joint in opposite 
directions with a loading of 10 Nm'1 until the joint broke. The force to pull apart the 
lap-shear joint was recorded in N and the tensile strength of the adhesive was 
determined using the following equation:
TS = F/A
Where:
TS = Tensile strength in MPa or Nmm'2 
F = Force in N 
A = Area in mm2
Nm'2 s  Pa, therefore Nmm'2 3  MPa
The results below (Table 4.6) show the determined values for the mean maximum 
load (N) and mean tensile strength (MPa) for the sets of lap-shear joints tested for 
each of the sample sets. Five lap-shear joints were tested for each sample set to ensure 
consistency. The standard deviation, S.D. was calculated for each of the sample sets, 
to determine the error or the spread of the results for each system.
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Table 4.6: Comparison of the mean maximum load and mean tensile strength of 
adhesive systems containing the MA quaternary salts determined from lap-shear 
joints.
Sample Set Max Loac (kN)
Tensile strength at 
maximum load point 
(MPa)
Mean percentage of 
adhesive remaining on 
side A of the lap-shear*
Mean S.D Mean S.D.
Interfacial Failure
Blank 7.1 1.5 11.3 2.4 27 ± 6
JEMA5050 6 . 8 1 . 0 10.3 1 . 6 9 ± 8
JEMA6040 7.1 0 . 6 11.3 0.9 17 ± 21
JEMA7030 6 . 2 1 . 1 1 0 . 0 1.7 20 ± 15
JEMA8020 6 . 0 1 . 6 9.7 2.5 9 ± 6
* The percentage area covered by the adhesive was calculated for one side of the lap-shear joint. This 
value should not be used for quantitative determination.
Figure 4.19: Comparison of mean tensile strength for lap-shear joints containing 
the MA model system
E9 Mean tensile strength at maximum load point (MPa)
B lank JE M A 5050 JE M A 6040 JE M A 7030 JE M A 8020
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Figure 4.20: Lap-shear joint used in the determination of the tensile stress of a 
model epoxy adhesive incorporating the quaternary salt JEMA6040
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From the lap-shear results (Table 4.6, Figure 4.19) it can be concluded that the 
addition of the MA quaternary salts to the epoxy matrix caused no significant change 
in mean tensile strength. The sample set containing JEMA7030 saw an 11% decrease 
in the mean tensile strength of the joint and the JEMA8020 sample set also showed a 
16% decrease in the mean tensile strength of the joint when compared to joints 
bonded with the blank epoxy resin. However, even though a decrease in the mean 
tensile strength was observed, close analysis of the standard deviation, represented by 
the error bars, showed that the spread of the individual tensile strength results all lay 
within the error region of the results for the blank specimens. This is the ideal 
situation for this project as the aim of the model system was to develop a labile 
additive incorporated into the epoxy matrix, which would only become mobilised 
upon the ingress of water into the system and would not cause any deterioration in the 
initial bond strength. The failure of the lap-shear joints containing the MA salts 
occurred by one hundred percent classical interfacial failure. In many cases, the 
adhesive did not remain totally on one surface of the substrate but became fractured, 
(Figure 4.20) with partial coverage on surface A of the substrate and the remaining 
adhesive residue adhered to surface B.
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Table 4.7: Comparison of the mean maximum load and mean tensile strength of 
adhesive systems containing the VPA quaternary salts
Sample
Max I  
(kJN
iOad
f)
Tensile Strength at 
maximum load point 
(MPa)
Mean percentage of 
adhesive remaining on side 
A of the lap-shear*
Mean S.D Mean S.D. Interfacial Failure
Blank 7.1 1.5 11.3 2.4 27 ± 6
JEVPA5050 6.6 0.8 10.5 1.2 20 ± 16
JEVPA6040 6.9 0.8 11.0 1.2 42 ±11
JEVPA7030 5.8 1.5 9.7 2.4 14± 10
JEVPA8020 6.4 0.3 10.2 0.5 26 ± 7
* The percentage area covered by the adhesive was calculated for one side of the lap-shear joint. This
value should not be used for quantitative determination.
Figure 4.21: Comparison of mean tensile strength for lap-shear joints bonded 
with adhesive containing VPA salts
■  Mean Tensile Strength at maximum load point (MPa)
Blank JEVPA5050 JEVPA6040 JEVPA7030 JEVPA8020
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Figure 4.22: Lap-shear joint used in the determination of the tensile stress of a 
model epoxy adhesive incorporating the quaternary salt JEVPA5050
Figure 4.23: Lap-shear joint used in the determination of the tensile stress of a 
model epoxy adhesive incorporating the quaternary salt JEVPA6040
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Lap-shear joints containing the VPA salts predominantly failed through classical 
interfacial failure (Figure 4.21 and Figure 4.22). The tensile strength results for the 
adhesives containing the VPA salts (Table 4.7) were very similar for all four salts. 
Little deviation occurred especially when the standard deviation (spread of results) 
was taken into consideration. The adhesive formulation containing JEVPA6040 
illustrated cohesive failure (Figure 4.23) and this was due to the presence of solvent 
within the adhesive. The presence of the solvent also resulted in a slight reduction of 
the mean tensile strength of the specimen. This was observed after the lap-shear joint 
had been pulled and the cured adhesive was observed to be full of small bubbles 
attributed the solvent volatilising during the 100°C cure cycle. This resulted in a patch 
application of the adhesive with some areas where the adhesive did not bond to the 
surface of the metal.
Table 4.8: Comparison of the mean maximum load and mean tensile strength of 
lap-shears joints prepared using the primer, y-GPS
Sample
M a x i
(kN
joad
f)
Tensile strength at 
maximum load point 
(MPa)
Mean percentage of 
adhesive remaining on 
side A of the lap-shear*
Mean S.D Mean S.D. Interfacial Failure
Blank 7.1 1.5 11.3 2.4 27 ± 6
Blank + 
y-GPS 11.7 1.6 18.7 2.6
22 ± 9  
36 ± 1 
42 ± 9
JEMA6040 7.1 0.6 11.3 0.9 17 ±21
JEMA6040 + 
y-GPS 14.4 3.0 23.0 4.8 24 ± 9
JEVPA6040 6.9 0.8 11.0 1.2 34 ± 6
JE VPA6040 +
y-g p s 10.8 1.2 17.3 2.0 34 ± 6
* The percentage area covered by the adhesive was calculated for one side of the lap-shear joint. This
value should not be used for quantitative determination.
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Figure 4.24: Comparison of mean tensile strength for lap-shear joints primed 
using y-GPS
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Figure 4.25: Lap-shear joint used in the determination of the tensile stress of a 
model epoxy adhesive incorporating the quaternary salt JEMA6040 used in 
conjunction with the primer, y-GPS
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Organosilane primers, which are well known coupling agents used to increase the 
adhesion of the adhesive to aluminium substrates89 (section 1.15), were used in the 
experiment. y-GPS was applied to the aluminium substrate of three sets of lap-shear 
specimens; the blank epoxy resin, the epoxy resin containing 5% JEMA6040 and the 
epoxy resin containing 5% JEVPA6040. The lap-shear results (Table 4.8, Figure
4.24) showed a significant increase in the tensile strength of all the adhesive systems 
when compared to the reference lap-shear test containing only epoxy with no primer.
The blank epoxy resin, when used in conjunction with the primer, showed a 66 % 
increase in the mean tensile strength. A greater increase in tensile strength (104 %) 
was observed for the adhesive formulation containing JEMA6040 + y-GPS (Figure
4.25), effectively double the tensile strength of the blank epoxy lap-shear specimen. 
This was a 23 % increase in strength in comparison to the blank epoxy adhered to the 
primed aluminium substrate.
JEVPA6040 y-GPS applied to the primed surface showed a 53 % increase in the mean 
tensile strength. However, this was an actual decrease (8  %) in the mean tensile 
strength when compared to the results for the blank epoxy resin adhered to the primed 
surface. This slight decrease in adhesion could be due to solvent present in the 
adhesive, which was observed as bubbles on the residual adhesive after the lap-shear 
were tested.
Unanswered questions still remain from this area of testing. Further work on the 
analysis of the tensile strength of the incorporated model systems needs to be 
undertaken to answer the questions below:
• how will the concentration of the additive affect the tensile strength of the 
individual salts, with and without the application of y-GPS?
• how will humidity and environmental ageing affect the tensile strength of the 
adhesive and over what period of time will this effect, if  any, occur?
• will it be possible to observe migration of the monomers by surface analysis of 
the adhesive residue after the lap-shear joints have been pulled?
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The tensile strength results observed for the primed systems were very interesting and 
a number of questions arose from the analysis of the results. These included:
• Why was there a significant increase in the tensile strength of the adhesive 
systems, which contained the MA salts used in conjunction with the y-GPS 
primer, but no increase was observed for the MA salt systems applied without 
primer?
• How, and why, does the MA salt interact with the primer to cause an increase 
in adhesion?
• Why does the VPA salt weaken the bonding between the adhesive and the 
substrate resulting in the decrease in tensile strength, and how does this 
happen?
Prior to application of the primer to the aluminium substrate, y-GPS was hydrolysed 
by reacting the silane functional group with water92 (Section 1.15). If, hypothetically, 
the organosilane primer had not fully reacted with the water, then there would be 
some unreacted -O C H 3 groups still present. It is feasible that further hydrolysis of 
these unreacted -O C H 3 groups may proceed by acid catalysis initiated by the acid 
monomer from the quatemaiy salt. Acid-base catalysed hydrolysis of organosilanes in 
an aqueous medium is known to be pH dependent126. The time to gelation of an 
organosilane is dependent on the pH of the system. As the gel time of the system is 
inversely proportional to reaction rate, then it can be stated that the pH of the system 
affects the reaction rate of the system. If this information is applied to the 
organosilane primer applied to the aluminium substrate, the addition of 5% o f the 
methacrylate or vinylphosphonate salts may affect the pH of the system. It is feasible 
that if the pH is increases enough, the isoelectric point of the adhesive system may be 
shifted nearer to the isoelectric point of silica (pH 2.2). This is the point at which the 
equilibrium species has no overall net charge (zero). Since pH is related to the 
isoelectric point, and at this point the longest gel time of the system occurs, hence 
slow reaction kinetics. VPA more acidic compared to MA. Addition of the VPA salts 
to the adhesive may have been enough to increase the pH of the system closer to the 
isoelectric point, which would cause the hydrolysis of the organosilane to be slower. 
Contrast to this, the addition of the MA salts (weaker acidity) could have shifted the 
isoelectric point further away from that of silica, which would cause the system to
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favour hydrolysis of the y-GPS This would lead to enhanced adhesion of the primer to 
the substrate, resulting in the higher values of tensile stress observed during testing of 
the MA adhesive systems.
Phase separation of the VPA salts and the epoxy resin was observed during the 
blending stages. After removal of the solvent during the salt formation, a white solid 
was observed to aggregate on the glass surface of the round-bottom flask. The 
occurrence of phase separation during the blending of the epoxy and the VPA 
quaternary salt was observed by some small areas of white lumps appearing in the 
blended resin. This may have caused areas of weakness within the adhesive bonded 
lap-shear joint at the phase boundaries, which may have been enhanced during the 
curing cycle. JEVPA6040 (Figure 4.22) and JEVPA6040 + y-GPS had solvent 
present in both the adhesive systems. This was identified from adhesive bubbling out 
of the sides and front of the lap-shear joints and large circular patterned areas of 
adhesive failure. This would significantly contribute to weakening of the adhesive 
leading to a lower recorded tensile strength for the adhesive system.
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4.7 Conclusions
This section of work has produced several interesting and surprising results. 
Primarily, this chapter has proved that it was possible to incorporate the MA and VPA 
salts into a standard epoxy matrix. Incorporation of MOEP salts into the epoxy resin 
was not possible as the MOEP model system was only soluble in water.
The Fickian diffusion coefficient was determined for the absorption of water by the 
individual adhesive matrices. An increase in the Fickian diffusion coefficient of water 
into the adhesive system was observed for the MA salts from JEMA5050 to 
JEMA8020, indicating that a decrease in the number of ammonium side groups, hence 
a decrease in the amount of MA monomer present, lead to an increase in the 
absorption of water. However, it was also observed that the increase in the 
concentration of the MA salt within the epoxy matrix lead to an increase in the 
diffusion coefficient of the system, attributed to the system being more hydrophilic.
The results for the incorporation of the VPA quaternary salts were erratic, but showed 
a significant increase in the absorption of H2O. The fluctuations of the results were 
attributed to the poor blending of the systems, due to phase separation between the 
epoxy matrix and the VPA salts.
U.V. spectroscopic analysis of the water from the desiccators containing plaques 
proved conclusively that leaching of material into the water did occur, although 
quantitative determination was not possible. The nature of the dissolved material was 
not possible to determine from the U.V. spectra, because the absorption peak for the 
MA and VPA monomers, copolymers and MA and VPA quaternary salts was at low a 
wavelength to accurately be determined by the equipment used.
DMTA analysis of the adhesive systems showed that the Tg of the epoxy matrix 
decreased on the addition of either the MA or VPA salts, with the exception of 
JEMA8020 and JEVPA8020. The DMTA results also showed slippage of the samples 
within the clamps of the instrument. The slippage was caused by the adhesive samples 
swelling during the changes in the temperature cycle.
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Determination of the tensile strength of the adhesive systems containing the MA salts 
showed that the addition of the model system did not lead to any significant changes 
to the lap-shear strengths. Similar results were observed for the adhesive systems 
containing the VPA quaternary salts.
Application of the y-GPS primer to the aluminium substrate prior to bonding lead to 
an increase in tensile strength for all systems tested. The addition of the VPA 
quaternary salt did not give an increase in tensile strength compared to the blank resin 
used in conjunction with the primer, but it was still a significant increase in tensile 
strength when compared to the blank adhesive applied to the non-primed aluminium. 
Addition of the MA salt, JEMA6040, to the adhesive and used in conjunction with the 
primer, gave a 104% increase in the tensile strength of the adhesive. The significant 
increase in tensile strength was attributed to the interaction of the acidic methacrylate 
monomer, which is thought to have catalysed acid hydrolysis of non-hydrolysed -  
OCH3 functional groups attached to the y-GPS molecule. The change in pH of the 
system from the addition of the acidic salt was thought to have promoted the 
hydrolysis of the organosilane primer, leading to the significant increase in the tensile 
strength of the JEMA6040 + y-GPS adhesive system.
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5.1. Conclusions
This thesis has demonstrated that it is possible to synthesise the three model systems 
proposed in chapter 1; P[MMA-DMAEMA]+jMOEP]', P[MMA-DMAEMA]+[VPA]‘, 
and P [MMA-DMAEMA]+[MA]'. The complete synthesis of the three model systems 
has shown that the development of a novel, polymeric compound, capable of 
undergoing secondary polymerisation, is a realistic goal. The work in this thesis has 
described the initial synthesis of the copolymer, PjMMA-DMAEMA], in four 
different monomer ratios, via free radical polymerisation. This was followed by the 
subsequent formation of the three types of quaternary salts containing monomeric 
groups that have the ability to be polymerised at a later stage. A combination of 
characterisation of the model systems, incorporation of the salts into epoxy resin and 
evaluation of the incorporated adhesive systems has substantiated the concept of the 
model system proposed in chapter 1.
The product of free radical copolymerisation of the monomers, MMA and 
DMAEMA, was characterised using GPC, NMR and FTIR spectroscopies. 
NMR and FTIR spectroscopies were used to confirm the structure of the copolymers, 
while *H NMR spectroscopy was used to calculate the ratio of MMA to DMAEMA 
present within the individual copolymers. GPC analysis of the individual copolymers 
gave detailed information about the polydispersity and molecular weight of the 
copolymers. Exceptionally high yields were observed from the synthesis of the 
copolymers and this was attributed to solvent trapped during the drying process. 
Although the trapped solvent was not visible using ]H NMR spectroscopy, it was 
observed later through TG analysis.
P[MMA-DMAEMA]+[MOEP]', P[MMA-DMAEMA]+[MA]', and P[MMA- 
DMAEMA]+[VPA]" were synthesised, via an acid-base reaction, for each of the four 
copolymers. Again, the structures of the MA and VPA quaternary salts were 
confirmed using *H NMR and FTIR spectroscopies. A broad peak was observed in the 
spectra for each of the 8 salts, which represented the protonation of the tertiary amino 
side chain. The peak did not deviate up or down field for any of the VPA salts. 
However, a N-H4- shift up-field was observed as the amount of the MA monomer
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within the MA salts decreased. The ]H NMR spectrum for the JEMA6040 salt was the 
exception where the N-H4" peak drifted down-field indicating an increase in 
deshielding of the amino moiety compared to the other copolymers. This suggested 
that the ionic bonding within the quaternary salt was greater for JEMA6040 than the 
other MA salts. If this statement is true, then it would indicate that the salts 
JEMA5050, JEMA7030 and JEMA8020 exhibit weaker ionic interactions between 
the acidic monomer and the copolymer. The N-H+ peak was not observed for the 
MOEP salts by NMR spectroscopy and this was attributed to the dissociation of 
the monomer and the copolymer in D2O, due to H-D exchange occurring in the 
solution. Formation of the MOEP quaternary salts was confirmed using FTIR 
spectroscopy where a shift of 4-5cm'1 was observed for the 1731-5 cm'1 P-O-C bend. 
This shift in wavelength was indicative of a change in the structural environment of 
the P-O-C bend, due to the acid-base interaction of MOEP with the copolymer. The 
FTIR spectrum for P[MMA-DMAEMA]+[MOEP]' (70:30) showed two unique peaks 
at 1843 cm'1 and 1778 cm'1, which were not observable for the other MOEP salts. The 
peaks were indicative of hydrogen bonding interactions, either P=0 HO-P, 
P=0 HO-C, C=0 HO-P or C=0 HO-C.
TG analysis of the copolymers has proved that residual solvents were trapped within 
the copolymers. This was observed during TG analysis as a combination of a blurring 
of the TG curve and a slight drop in weight of the sample around the likely boiling 
point of the trapped solvents. Further analysis of the residual gases to confirm the 
nature of the degradation products was required, however this was not possible on the 
apparatus used. Evaluation of the individual copolymers was possible using TG 
analysis, as there were slight variations in the weight losses for the individual 
copolymers. The variations were caused by the different ratios of the MMA and 
DMAEMA monomers.
TG analysis of the twelve individual salts showed that the degradation curves were 
characteristic of each compound. By combining the unique profiles of the MA, VPA 
and MOEP quaternary salts with the variations of the weight loss transitions due to 
the changes in monomer ratios, the individual salt could be identified. After heating 
the VPA and MOEP quaternary salts to 1000°C residual weight was observed in the
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sample pan. This residual weight was attributed to the formation of phosphines and 
phosphorus oxides, by-products of the degradation process.
Determination of the Tg of the copolymers using MSDC was tentative, although a 
trend of decreasing Tg as the amount of DMAEMA decreased within the sample was 
observed. The similarity in the results for the copolymers JE7030 and JE8020 was due 
to the slight difference in actual MMA content of 2.06 %. The ionic bonding between 
the acid monomers and the copolymer masked the Tg preventing an accurate 
determination to be obtained for all samples. Even though the results were tentative, 
some conclusions were drawn about the change in Tg. The recorded values of Tgs of 
the salts, for the majority of the samples, were lower than those of the copolymers. 
Salts containing MA showed a decrease in Tg as the DMAEMA content decreased. 
Contrary to the results from the MA salts, the Tgs of the VPA and MOEP quaternary 
salts increased as the DMAEMA content decreased.
Potentiometric titration was a technique used to try to evaluate the degree of 
electrostatic interactions between the copolymer backbone and the acid monomers. 
Although the determination of the protonation constant for the association of the 
monomers to the copolymer backbone was unsuccessful, the nature of the failure of 
the potentiometric titrations was important to understand. A combination of two 
factors was responsible for the inhibition of the acid-base reaction between the acidic 
monomer and the copolymer backbone. Hydrogen bonding interactions between the 
acid monomers in a dipolar-aprotic solvent lead to the formation of dimers and/or 
liner molecular chains resulting in no free acid molecules to react with to the 
copolymer backbone. Secondly, the presence of water within the reaction was found 
to inhibit the association of the monomer and also promote dissociation of any 
ionically bonded acid monomers from the copolymer backbone. Further investigation 
is required into the phenomenon of water initiating dissociation of acid monomers 
from the copolymer backbone, as this information would aid in understanding of the 
feasibility of dissociation of the acid upon the ingress of water into the model 
adhesive system.
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Incorporation of the model systems P[MMA-DMAEMA]+[MA]" and P[MMA- 
DMAEMA]+[VPA]'> by blending, into the epoxy matrix was achieved. Some phase 
separation was observed for the P[MMA-DMAEMA]+[VPA]" systems after the 
adhesive plaques were made. The Tg of the plaques produced was determined using 
DMTA, while determination of the diffusion of water through the plaques was 
assessed through water uptake experiments. PpV!MA-DMAEMA]+pvIOEP]' was not 
incorporated into the primary matrix as the salt was insoluble in organic solvents, 
therefore could not be incorporated into the epoxy matrix.
Water uptake experiments confirmed that water diffused easily through blank epoxy 
plaques. The rate of diffusion altered upon the addition of the MA and VPA 
quaternary salts. Addition of the MA salts to the epoxy matrix caused a decrease in 
the rate of diffusion of water into the plaques containing JEMA5050 and JEMA6040. 
Plaques containing the salts JEMA7030 and JEMA8020 had diffusion rates similar to 
that of the blank plaques. Evaluation of the adhesive containing the VPA quaternary 
salts showed a five to six fold increase in the diffusion of water thorough the plaques, 
compared to the blank epoxy. Such a significant increase in absorption of water by the 
VPA adhesive formulations could lead to changes in the physical properties of the 
material such as a reduction in Tg. However, changes in Tg could only be determined 
by further analysis of the plaques. Leaching of material from the plaques, presumably 
dissolved by the water, was observed by U. V. spectroscopy. The nature of the leached 
compounds was not possible to determine using U.V. spectroscopy and further 
experimentation would be required to determine both the nature of the leached 
material and whether dissociation of the monomer from the copolymer occurred.
Determination of the Tg of the plaques containing the incorporated salts using DMTA 
showed a decrease in Tg upon the addition of the MA salts. Tg was observed to 
increase as the percentage of MA/DMAEMA decreased in the MA salt. As the MA 
salt increased in concentration (2.5 to 20 %) within the epoxy matrix, the Tg reduced. 
A decrease in Tg was also observed upon the addition of the VPA quaternary salts to 
the epoxy matrix. The exception to this was the salts JEMA8020 and JEVPA8020, 
where very little change in Tg was noted. Slippage of the samples within the clamps of 
the DMTA instrument occurred. The slippage was attributed to swelling of the 
samples during the increase of temperature during the course of the analysis.
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Analysis of the performance of the adhesive systems by determination of the tensile 
strength using bonded aluminium lap-shear specimens did not show any significant 
differences between the lap-shear strengths for the MA and VPA salts. The tensile 
strength results highlighted that the salts formed additives, which did not adversely 
affect the strength of the primary epoxy matrix.
The application of a y-GPS primer to the aluminium substrate prior to bonding lead to 
an increase in tensile strength for all systems analysed compared to the blank epoxy 
adhesive applied to a non-primed surface. Closer examination of the results showed 
that an increase in tensile strength was not observed for the JEVPA6040 salt when the 
results were compared to the blank resin used in conjunction with the primer. 
However, the tensile strength of the VPA adhesive formulations still showed a 
significant increase in tensile strength compared to the blank adhesive applied without 
a primer. The combination of the JEMA6040 adhesive system used in conjunction 
with y-GPS gave an unexpected increase in tensile strength of 104% when compared 
to the blank epoxy resin, applied without a primer. The significant increase in tensile 
strength was attributed to the change in pH of the adhesive system upon the addition 
of the MA salt, which is thought to have shifted the pH of the adhesive system further 
away from the isoelectric point of silica, causing the system to favour hydrolysis of 
non-hydrolysed -OCH3 functional groups attached to the y-GPS primer. The 
significant increase in tensile strength of the JEMA6040 + y-GPS adhesive system 
was attributed to the formation of a more extended Si-O-Si network across the 
susbtrate surface and the formation of extra -OH groups that were able to bond to the 
aluminium substrate.
From the combination of characterisation and evaluation of the three types of model 
systems through chromatography, spectroscopy analysis and materials testing, it has 
become evident that the MA quaternary salts have very interesting properties, which 
surpass the properties of the other model systems. *H NMR spectra defined very 
clearly the ionic interactions between the methacrylic acid and the copolymers. 
Thermal decomposition of the salts analysed by TG analysis showed clearly defined 
decomposition curves with little blurring of the curves. The MA quaternary salts were 
easily incorporated into the epoxy resin and phase separation was not visibly 
observed. Diffusion of water into the epoxy matrix was reduced upon the addition of
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JEMA5050 and JEMA6040 salts. This was an added bonus as a reduction of the 
amount of water that can diffuse into the plaques should aid in protecting the adhesive 
against harsh environmental conditions through the inhibition of ingressing water, 
which is known to initiate delamination of adhesive joints. The MA quaternary salts 
act as potentially labile additives in the epoxy matrix with no observable change in 
tensile strength. A slight reduction in Tg occurred for JEMA5050 and JEMA6040 
adhesive systems and this was indicative of changes in the structural composition of 
the glassy state of the matrix. Ultimately, the most significant result for the MA salts 
was the doubling of the tensile strength of the JEMA6040 adhesive system compared 
to the blank adhesive when used in conjunction with the organosilane primer system 
y-GPS. This result was achieved with the addition of only 5% of the MA salt.
This thesis has turned the theoretical concept of a model adhesive system capable of 
undergoing secondary polymerisation into a realistic goal in the formation of the MA 
and VPA quaternary salts. The model systems have been turned into a viable, useable 
adhesive system by incorporating the salts into the epoxy adhesive matrix. 
Subsequent characterisation and evaluation of the copolymers, quaternary salts and 
incorporated adhesive systems have proven that ionic bonding is achievable between 
a copolymer and a monomer that is capable of undergoing secondaiy polymerisation 
by an external stimulus. These model systems can now be used to aid in the future 
evaluation and repair of kissing bonds and areas of debonding at the substrate- 
adhesive interface.
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Through the course of this research there have been many routes of investigation that 
have instigated ideas for experiments which have not been tried due to lack of time. 
These ideas include possible solutions to hurdles encountered or simply paths of 
investigation that would be good to follow, to progress, and enhance the work 
achieved so far.
During the incorporation of the model systems into the epoxy adhesive matrix it was 
discovered that the MOEP salts were not soluble in organic solvents. However, in 
hindsight, the incorporate of the MOEP salt into the epoxy matrix may have been 
achievable through the one-pot synthesis by a combination of the synthesis of the 
model system and the blending of the salt into the epoxy matrix. The MOEP salt 
could be synthesised by dissolving the copolymer and MOEP monomer into a. 
dichloromethane/ethanol (50:50) solvent system. Instead of removing the solvent to 
purify the MOEP salt, the purification stage should be missed out (i.e. the solvent is 
not extracted and the crude salt is not dissolved in water to be freeze dried). The salt 
solution would be directly added to the epoxy resin and thoroughly mixed together. 
The solvent would be removed exactly as the experimental described for the 
incorporation of MA and VPA salts into the epoxy adhesive system (section 4.2.3 - 
4.2.5), Incorporating the MOEP salt is only a suggestion and requires evaluation.
Incorporation of the quaternary salt into the epoxy matrix would mean that 
comparison studies between the phosphonic and phosphoric acid moieties would be 
feasible and this could be undertaken using the evaluation and characterisation 
methods described in previous chapters of this thesis.
In hindsight, incorporation of the individual copolymers into the epoxy matrix would 
have been useful for comparative purposes for all the characterisation and testing 
work. Comparisons could have been drawn between the copolymer and the MA and 
VPA salts for the:
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• effect upon the diffusion of water through the adhesive matrix without the 
addition of the hydrophilic acid moieties;
• change in Tg of the systems (DMTA) due to addition of the copolymer, which 
would also aid in understanding how the individual acid monomers effect the 
epoxy adhesive system;
• effect on the tensile strength of the adhesive with and without the acidic 
monomers.
Further experimentation is required, firstly to see whether the MA and VPA 
quaternary salts will undergo dissociation in water and secondly, to determine how 
the salt behaves after it is incorporated into the adhesive system, for example will the 
epoxy matrix inhibit dissociation or migration of the monomers. The water taken from 
the water uptake experiments of the incorporated quaternary salts MA and VPA 
requires further analysis to determine the nature of the leached compounds (monomer, 
copolymer or both) observed by U. V. spectroscopy. The water samples taken over the 
course of the diffusion experiment could be analysed by 31P NMR spectroscopy to 
detect leached material e.g. VPA monomer or salts.
Analysis is also required to determine how leaching occurred and whether water 
molecule(s) dissociate, dissolve or displace the leached molecules. Analysis of the 
submerged sample plaques could be undertaken using DMTA and MDSC to see if 
diffused water causes depression of the Tg of the adhesive systems. XPS could be 
used to determine if  migration of the phosphorus monomers towards the surface of the 
plaques had occurred.
Further experimentation is also required to determine if the rate of cure of the epoxy 
matrix was altered by the addition of the model system to the epoxy matrix and 
whether the model system has chemically or physically interacted with the epoxy 
matrix. Any repetition of the DMTA testing of the incorporated adhesive plaques 
should, in hindsight, be undertaken using the DMTA equipment in the ‘shear mode’ 
to prevent slippage of the plaques due to thermal expansion. This should enable an 
accurate determination of the Tg of the adhesive systems and could also be used as a 
technique to see how, and if, water absorption affects the Tg of the individual adhesive
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systems. Unfortunately, this was not possible to do with the plaques cut for the water 
uptake experiment as the dimensions of the individual plaques were to small to be 
held in the clamp of the DMTA. Instead, larger plaques need to be produced that can 
be evaluated by DMTA, before and after submersion into water.
Unanswered questions still remain from the mechanical testing of the lap-shear joints:
• how will the concentration of the additive affect the tensile strength of the 
individual salts, with and without the application of y-GPS?
• how will humidity and environmental aging affect the tensile strength of the 
adhesive and over what period of time will this effect, if any, occur?
• will it be possible to observe migration of the monomers by surface analysis of 
the pulled lap-shear joints?
Further work on the analysis of the tensile strengths of the incorporated model 
systems needs to be undertaken to answer the questions raised. Research to evaluate 
the tensile strengths of the lap-shear joints (with and without primers) could be 
undertaken in humidity cabinets over varying periods of time, temperatures, and 
humidities. This information could be used to assess if  the adhesive joints are stable 
under a variety of conditions and the optimum conditions for use. Secondly, humidity 
experiments would help to determine how the ingress of water may lead to migration 
of the monomers within the lap-shear joints, possibly to the interface between the 
adhesive and the aluminium substrate. After the lap-shear joints have been pulled for 
tensile stress determination, the surface of the adhesive and aluminium substrate could 
be analysed using XPS to determine whether the monomers, namely the phosphorus 
moieties, have migrated to the interface of the adhesive and substrate joint. Evaluation 
of the lap-shear joints could be expanded to look at the effect of increased 
concentrations of the model systems added to the adhesive matrix, e.g. 2.5%, 5%, 
10% and 20%, and evaluation of the different concentrations under room temperature 
conditions and at elevated temperatures and humidities.
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Any further research and expansion of this project should focus on two key points:
• Determination of dissociation and migration of the monomers, upon the 
ingress of water, to the interfacial region between the adhesive and the 
aluminium substrate;
• Evaluation of the feasibility of polymerisation of the dissociated monomer, 
incorporated into the epoxy matrix, by an external stimulus;
Further research will have to take into account the following considerations:
>  Will the monomers be able to migrate through the epoxy matrix?
>  Will the monomers migrate to the interface, or instead form aggregates 
or dimers within the cured adhesive?
>  Will there be enough monomer present and in close enough proximity 
to other monomers to polymerise?
>  How will the monomers be polymerised by an external stimulus?
>  Will an initiator that will not react with the monomeric acids, epoxy 
resin or polyoxyalkylenediamine have to be incorporated into the 
epoxy system to aid in the polymerisation of the migrated monomers?
Other areas of significant interest for further expansion of the research area includes 
the investigation of whether hydrolysed organosilane primers, which contained an 
acidic functional end-group, could be used to form quaternary salts in the same 
manner that the model systems have been designed. It would be very interesting to 
evaluate if addition of a silane based model system would lead to any increases in 
adhesion, similar to those observed for the JEMA6040 model system. This may be an 
alternative route that could be evaluated if it is found that the monomers used within 
the model system do not migrate to the interfacial region of the adhesively bonded 
joint.
Many more model quaternary salts can be synthesised using the basic concept of 
formation of the model system through ionic bonding. Different types of acidic 
monomers, of varying acidity, could be attached to the quatemised copolymer to 
evaluate how the change in the acidity of the system affects the adhesion of the model
193
Chapter 5: Conclusions and Future Work
adhesive system (salt incorporated into an epoxy matrix) to aluminium substrate when 
applied in conjunction with an organosilane primer.
In this research project, the synthesised quaternary salts have been incorporated into 
an epoxy adhesive matrix. It would be very interesting to see whether the salt 
complex could be incorporated into different types of epoxy resin, or even other types 
of adhesives, e.g. (meth)aciylates. Evaluation of the individual adhesive systems 
would be required, firstly to determine whether migration of the acid monomers 
through the different adhesives to the adhesive substrate would occur, and secondly, 
to confirm whether the migrated monomers could be successfully polymerised at the 
adhesive-substrate interface.
If the model salt systems can be incorporated into other types of adhesives the final 
logical progression of this project would be to test the ability of the different model 
adhesive system to bond to other substrates, e.g. steel or glass.
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